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(54) Field emission-type electron source and manufacturing method thereof and display using 
the electron source 



(57) A field emission type electron source 1 0 is pro- 
vided with an n-type silicon substrate 1 , a strong field 
drift layer 6 formed on the n-type silicon substrate 1 di- 
rectly or inserting a polycrystalline silicon layer 3 there- 
between, and an electrically conductive thin film 7, 
which is a thin gold film, formed on the strong field drift 
layer 6. Further, an ohmic electrode 2 is provided on the 
back surface of the n-type silicon substrate 1 . Hereupon, 



electrons, which are injected from the n-type silicon sub- 
strate 1 into the strong field drift layer 6, drift in the strong 
field drift layer 6 toward the surface of the layer, and then 
pass through the electrically conductive thin film 7 to be 
emitted outward. The strong field drift layer 6 is formed 
by making the polycrystalline silicon 3 formed on the n- 
type silicon substrate 1 porous by means of an anodic 
oxidation, and further oxidizing it using dilute nitric acid 
or the like. 
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Description 

BACKGROUND OF THE INVENTION 

s 1 . Field of the invention 

[0001] The present invention relates to a field emission-type electron source for emitting electron beams by means 
of electrical field emission and a manufacturing method thereof, and to a display using the field emission-type electron 
source. 

10 

2. Description of the prior art 

[0002] Conventionally, as a field emission-type electron source, there has been well-known a so-called Spindt-type 
electrode which is disclosed, for example, in the United States Patent No. 3,665,241 and so on. The Spindt-type elec- 

15 trode is provided with a substrate on which many small (fine) emitter chips of triangular pyramid shape are disposed, 
emitting holes for exposing apexes of the emitter chips to the outside, and gate layers disposed in such a manner so 
as to be insulated to the emitter chips. Thus, the Spindt-type electrode can emit electron beams from the apexes of 
the emitter chips to the outside through the emitting holes by applying high voltage between the emitter chips and the 
gate layers under a vacuum atmosphere in such a manner that the emitter chips become negative electrodes against 

20 the gate layers. 

[0003] However, in the Spindt-type electrode, there exists such a problem that when it is applied, for example, to a 
fiat light emitter or a display, it is difficult to enlarge its area (electron emitting area), because manufacturing process 
of the electrode is complicated and further it is difficult to produce many emitter chips of triangular shape with higher 
efficiency. Meanwhile, in the Spindt-type electrode, the electrical field converges to the apexes ol the emitter chips. 

25 Therefore, when the degree of vacuum around the apexes of the emitter chips is lower so that residual gas exists 
thereabout, the residual gas is ionized by the emitted electrons to become positive ions so that the positive ions collide 
to the apexes of the emitter chips. Accordingly, the apexes of the emitter chips suffer damages (for example, damages 
due to ion impacts) so that there may be caused such a problem that current density or efficiency of the emitted electrons 
becomes unstable, or lives of the emitter chips are shortened. Therefore, the Spindt-type electrode must be used under 

30 a higher vacuum atmosphere (about 1 0-5 p a to about 1 0" 6 Pa) in order to prevent occurrence of the above-mentioned 
problem. Accordingly, there may be caused such a disadvantage that the manufacturing cost of the electrode is raised 
and further the method of treatment of the electrode is troublesome. 

[0004] In order to improve the above-mentioned disadvantage, a field emission-type electron source of MIM (Metal 
Insulator Metal) style or MCS (Metal Oxide Semiconductor) style has been proposed. The former is aflat field emission- 

35 type electron source having a laminated structure of (metal)-(insulator film)-(metal), while the latter is a flat field emis- 
sion-type electron source having a laminated structure of (metal)-(oxide film)-(semiconductor). In order to raise elec- 
tron-emitting efficiency of the above-mentioned type of field emission-type electron source (namely, in order to emit 
more electrons), it is necessary to reduce the thickness of the insulator film or oxide film. However, if the thickness of 
the insulator film or oxide film becomes thinner to excess, it is feared that dielectric breakdown is caused when voltage 

40 is applied between the upper and lower electrodes of the laminated structure. Therefore, there may be a certain re- 
striction on reducing the thickness of the insulator film or oxide film. Thus, there exists such a disadvantage that its 
electron emitting efficiency (electron extracting efficiency) can not be raised so much, because the above-mentioned 
dielectric breakdown must be prevented. 

[0005] Moreover, in recent years, as disclosed in the Japanese Laid-Open Patent Publication No. 8-250766, there 
45 has been proposed another field emission-type electron source (semiconductor element for emitting cold electrons), 
in which a porous semiconductor layer (porous silicon layer) is formed by performing anodic oxidation to one surface 
of a monocrystalline semiconductor substrate such as a silicon substrate in orderto raise its electron emitting efficiency, 
a thin metal film being formed on the porous semiconductor layer. Hereupon, the electron source can emit electrons 
when voltage is applied between the semiconductor substrate and the thin metal film. 
so [0006] However, in the field emission-type electron source disclosed in the Japanese Laid-Open Patent Publication 
No. 8-250766, there exists such a disadvantage that it is difficult to enlarge its area and to lower its manufacturing 
cost, because the material of the substrate must be restricted to semiconductor. Meanwhile, in the field emission-type 
electron source, because a so-called popping phenomenon is easily caused when electrons are emitted, the amount 
of emitted electrons tends to become unsteady. Accordingly, when the electron source is applied to a flat light emitter 
55 or a display, there may be caused such a disadvantage that light emission becomes unsteady. 

[0007] Thus, in the Japanese Patent Applications of No. 10-272340, No. 10-272342 and No. 10-271876 etc., the 
inventors of the present application have proposed another field emission-type electrode source including a strong 
field drift layer through which electrons injected from an electrically conductive substrate can drift, the layer being 
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disposed between the electrically conductive substrate and a thin metal film, and the layer being formed by oxidizing 
a porous polycrystalline silicon layer by means of the Rapid Thermal Oxidation method (RTO method). 
[0008] Hereupon, the porou6 polycrystalline silicon layer is formed by making a polycrystalline silicon layer on an 
electrically conductive substrate porous by means of an anodic oxidation treatment. Meanwhile, the oxidation of the 

5 porous polycrystalline silicon layer by the RTO method is performed in a dry oxygen atmosphere using a lamp annealing 
apparatus. In this case, temperature of the oxidation may be B00-900 D C, and time of the oxidation may be 30-120 
minutes (Japanese Patent Application No. 10-271876). Further, the thin metal film is formed using a thin gold film of 
about 10 nm thickness, because electrons (the electrons are considered as hot electrons), which have reached the 
surface of the strong field drift layer, must be emitted to the vacuum atmosphere in such a manner that they have 

10 passed through the thin metal film without being dispersed therein. In the field emission-type electron source, electrons 
can be stably emitted, because its electron emitting property has a smaller dependency to the degree of vacuum, and 
further a popping phenomenon is not caused when the electrons are emitted. Further, in addition to a semiconductor 
substrate such as a monocrystalline silicon substrate, there may be used a substrate in which an electrically conductive 
film (for example, ITO film) is provided on a surface of a glass substrate or the like, as the above-mentioned electrically 

is conductive substrate. Therefore, in the field emission-type electron source, its area may be enlarged and its manufac- 
turing cost may be lowered, in comparison with the conventional electron source utilizing the porous semiconductor 
layer produced by making the semiconductor substrate porous, or the Spindt-type electrode. Hereupon, when a display 
is produced using this type of field emission-type electron source, the thin metal film must be patterned to a predeter- 
mined shape. 

20 [0009] However, in the field emission-type electron source disclosed in the Japanese Patent Application of No. 
10-272340, No. 10-272342 or No. 10-271876, the temperature of the oxidation by the RTO method can not be raised 
over the heat resistant temperature of the electrically conductive substrate. Therefore, there exists such a disadvantage 
that materials of the substrate or the electrically conductive film are restricted so that enlarging the diameter (area) of 
the substrate is also restricted. 

25 [0010] Meanwhile, in the field emission-type electron source disclosed in the Japanese Patent Application of No. 
10-272340, No. 10-272342 or No. 10-271876, the porous polycrystalline silicon layer, which has been formed by oxi- 
dizing the polycrystalline silicon layer by means of the anodic oxidation treatment, is oxidized by means of the RTO 
method. Hereupon, as an electrolyte solution used in the anodic oxidation treatment, there may be used a solution in 
which hydrogen fluoride aqueous solution and ethanol are mixed together in the ratio of 1 :1 . 

30 [001 1] Hereupon, in the porous semiconductor layer (porous polycrystalline silicon layer or porous monocrystalline 
silicon layer) formed by the anodic oxidation treatment, silicon atoms are terminated by hydrogen atoms. Therefore, 
as disclosed in the Japanese Patent Application of No. 10-272340, No. 10-272342 or No. 10-271876, if an oxidized 
film is grown by the RTO method in the porous semiconductor layer formed by the anodic oxidation treatment, hydrogen 
atoms may remain in the oxidized film, or Si -OH bonds may be produced. In consequence, there exists such a disad- 

35 vantage that it is difficult to form an minute oxidized film having Si0 2 structure so that its breakdown voltage is lowered. 
Further, because the strong field drift layer contains relatively much hydrogen, hydrogen distribution in the strong field 
drift layer may change with the lapse of time (For example, hydrogen atoms drop out from the surface of the strong 
field drift layer.). Therefore, it is feared that the stability of the electron emitting efficiency as to time passing is deteri- 
orated. 

40 [0012] Thus, in the field emission-type electron source disclosed in the Japanese Patent Application of No. 
10-272340, No. 10-272342 or No. 10-271876, although its cost can be lowered and electrons can be stably emitted 
with high efficiency in comparison with the field emission-type electron source disclosed in the Japanese Laid-Open 
Patent Publicatbn No. 8-250766, it is expected to improve the electron emitting efficiency further more. 

45 SUMMARY OF THE INVENTION 

[001 3] The present invention, which has been performed to solve the conventional problems described above, has 
an object to provide a field emission-type electron source which can easily enlarge its area (electron emitting area) 
and lower its cost and a manufacturing method thereof, and to provide a display using the source. 
so [0014] Further, the present invention has another object to provide a field emission-type electron source in which 
the change of the electron emitting efficiency as to time passing is smaller and its breakdown voltage is higher, and a 
manufacturing method thereof. 

[001 5] Moreover, the present invention has a further object to provide a field emission-type electron source of lower 
cost which can stable emit electrons with high efficiency, and a manufacturing method thereof. 
55 [001 6] According to a first aspect of the present invention, which is preformed to achieve the objects described above, 
there is provided a field emission-type electron source including an electrically conductive substrate, a strong field drift 
layer formed on a surface of the electrically conductive substrate and an electrically conductive thin film formed on the 
strong field drift layer, wherein electrons, which are injected into the electrically conductive substrate, drift in the strong 



3 




EP1 003 195 A2 



field drift layer to be emitted outward through the electrically conductive thin film by applying voltage between the 
electrically conductive thin film and the electrically conductive substrate in such a manner that the electrically conductive 
thin film acts as a positive electrode against the electrically conductive substrate, wherein the strong field drift layer is 
formed by a process including an oxidation step of oxidizing a porous semiconductor layer at relatively lower temper- 
5 ature. 

[0017] In the field emission-type electron source, it is preferable that the strong field drift layer is oxidized in a liquid 
phase in the oxidation step. Further, it is preferable that the porous semiconductor layer is formed by performing an 
anodic oxidation to a semiconductor layer. In the field emission-type electron source, its process temperature is lower 
than that of the conventional field emission-type electron source, in which the strong field drift layer is formed by 
10 oxidizing the porous semiconductor layer using the RTO method. Accordingly, restriction of materials usable tor the 
electrically conductive substrate becomes smaller so that enlarging the area (electron emitting area) and lowering the 
manufacturing cost of the field emission-type electron source may be easily achieved. 

[0018] According to a second aspect of the present invention, there is provided a method of manufacturing a field 
emission-type electron source including an electrically conductive substrate, a strong field drift layer formed on a surface 

15 of the electrically conductive substrate and an electrically conductive thin film formed on the strong field drift layer, 
wherein electrons, which are injected into the electrically conductive substrate, drift in the strong field drift layer to be 
emitted outward through the electrically conductive thin film by applying voltage between the electrically conductive 
thin film and the electrically conductive substrate in such a manner that the electrically conductive thin film acts as a 
positive electrode against the electrically conductive substrate, the method including a main oxidation step of forming 

20 a strong field drift layer by oxidizing a porous semiconductor layer at relatively lower temperature. 

[001 9] In the main oxidation step, the porous semiconductor layer may be oxidized in an electrolyte solution by means 
of an electrochemical reaction. As the electrolyte solution, for example, an acid solution may be used. In this case, the 
process temperature of the manufacturing method is lower than that of the conventional manufacturing method, in 
which the strong field drift layer is formed by oxidizing the porous semiconductor layer using the RTO method. Accord- 

25 jngly, restriction for materials usable for the electrically conductive substrate becomes smaller so that a field emission- 
type electron source with a larger area may be manufactured at lower cost. Further, because the porous semiconductor 
layer is oxidized by means of a wet process, the manufacturing process may be simplified in comparison with the 
conventional manufacturing method. 

[0020] Further, a supplemental oxidation step by means of a heating process (preferably rapid heating process, in 
30 consequence here inafter it is referred to rapid heating process although it includes a mere heating process) may be 
performed bef-ore and/o after the main oxidation step. 

[0021] Meanwhile, before the main oxidation step or before the main oxidatbn step and supplemental oxidation step, 
a pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution may be performed. In this 
case, hydrogen atoms, which terminate the atom group on the surface of the porous semiconductor layer, for example, 
35 formed by an anodic oxidation, are substituted with oxygen atoms by the oxidant solution. Accordingly, the amount of 
hydrogen contained in the strong field drift layer becomes less. In consequence, time-dependent change of hydrogen 
distribution in the strong field drift layer becomes smaller so that time-dependent stability of the field emission-type 
electron source may be improved. 

[0022] Moreover, in the main oxidation step, the porous semiconductor layer may be oxidized by means of at least 

40 one of a treatment which applies ultraviolet rays to the porous semiconductor layer in a gas atmosphere containing at 
least one of oxygen and ozone, a treatment which exposes the porous semiconductor layer to plasma in a gas atmos- 
phere containing at least one of oxygen and ozone, a treatment which heats the porous semiconductor layer in a gas 
atmosphere containing ozone, a treatment which applies ultraviolet rays to the porous semiconductor layer and heats 
the porous semiconductor layer, and a treatment which applies ultraviolet rays to the porous semiconductor layer in a 

45 gas atmosphere containing at least one of oxygen and ozone and heats the porous semiconductor layer. In this case, 
electron emitting efficiency of the electron source may be raised in comparison with that of the electron source man- 
ufactured by the conventional manufacturing method, in which the strong field drift layer is formed by oxidizing the 
porous semiconductor layer using the RTO process. Further, because the process temperature is lower, restriction for 
materials usable for the electrically conductive substrate becomes smaller so that a field emission -type electron source 

50 with a larger electron emitting area may be manufactured at lower cost. 

[0023] Further, if the main oxidation step is performed after the electrically conductive thin film has been formed, 
contamination due to organic materials produced in the processes before the present oxidation may be removed. In 
consequence, there may be also obtained such an effect that the electron emitting properly is improved. 
[0024] Hereupon, before and/or after the main oxidation step, there may be performed a supplemental oxidation step 

55 of oxidizing the porous semiconductor layer by means of a rapid heating process, a further supplemental oxidation 
step of oxidizing the porous semiconductor layer using an acid solution, or the both supplemental oxidation steps 
described above. In this case, the electron emitting efficiency may be raised much more. 

[0025] Further, before the main oxidation step (in the case of including no supplemental oxidation), or before the 
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main oxidation step and the supplemental oxidation step(s), there may be performed a pre oxidation step of oxidizing 
the porous semiconductor layer using an oxidant solution. In this case., as described above, because hydrogen atoms, 
which terminate the atom group on the surface of the porous semiconductor layer are substituted with oxygen atoms 
by the oxidant solution, the amount of hydrogen contained in the strong field drift layer becomes less so that time- 
5 dependent stability of the field emission-type electron source may be improved. 

[0026] Meanwhile, the pre oxidation step may be performed before the oxidation step by means of the rapid heating 
process. 

[0027] In each of the above-mentioned manufacturing methods, the porous semiconductor layer may be a porous 
monocrystalline silicon layer or a porous polycrystalline silicon layer. The electrically conductive substrate may be an 

10 n-type silicon substrate. Further, the electrically conductive substrate may be a substrate in which an electrically con- 
ductive film is formed on a surface of an insulating plate such as, for example, a glass plate , a ceramic plate or the 
like. The porous semiconductor layer may be formed by performing an anodic oxidation to a semiconductor layer. 
[0028] In each of the above-mentioned manufacturing methods, it is preferable that the acid solution, which is used 
in the main oxidation step or the supplemental oxidation step, is dilute nitric acid, dilute sulfuric acid or aqua regia. 

is Further, it is preferable that the oxidant solution, which is used in the pre oxidation step, is any one of or a mixture of 
plural ones of concentrated nitric acid, concentrated sulfuric acid, hydrochloric acid and hydrogen peroxide. Hereupon, 
it is preferable that the oxidant solution is used in a heated state in order to shorten processing time of the pre oxidation 
step so as to improve its through put. 

[0029] According to a third aspect of the present invention, there is provided a display for displaying an image on a 
20 screen thereof, including any one of the field emission-type electron sources described above, a collector electrode 
disposed so as to face the field emission-type electron source, a fluorescent disposed on a surface of the collector 
electrode, the surface facing the field emission-type electron source, and a member for applying voltage between the 
collector electrode and an electrically conductive thin film of the field emission-type electron source, wherein when 
voltage is applied between the collector electrode and the electrically conductive thin film, the image is displayed on 
25 the screen by colliding electrons emitted from the field emission-type electron source to the fluorescent so as to make 
the fluorescent emit light. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 [0030] The present invention will become more fully understood from the detailed description given below and the 
accompanied drawings, wherein: 

Fig. 1 A is an elevational section view of a field emission-type electron source according to the present invention, 
in which the electrically conductive substrate is composed of an n-type silicon substrate; 
35 Fig. 1 B is an elevational section view of a field emission-type electron source according to the present invention, 

in which the electrically conductive substrate is composed of a substrate in which an electrically conductive film 
is formed on a glass plate; 

Figs. 2A to 2D are elevational section views of intermediate products or a final product in the main steps of the 
manufacturing process of the field emission-type electron source shown in Fig. 1A; 
40 Fig 3 is a schematic view showing an outline of a electrochemical oxidation process in a porous silicon; 

Fig. 4 is a view showing a principle of an electron-emitting mechanism in the field emission-type electron source 
shown in Fig. 1A; 

Fig. 5 is a view showing an electron-emitting action of the field emission-type electron source shown in Fig. 1 A; 
Fig. 6A is an elevational section view of another field emission-type electron source according to the present 
45 invention, in which the electrically conductive substrate is composed of an n-type silicon substrate; 

Fig. 6B is an elevational section view of another field emission-type electron source according to the present 
invention, in which the electrically conductive substrate is composed of a substrate in which an electrically con- 
ductive film is formed on a glass plate; 

Figs. 7A to 7D are elevational section views of intermediate products or a final product in the main steps of the 
so manufacturing process of the field emission-type electron source shown in Fig. 6A; 

Fig. 8 is a view showing a principle for measuring active properties of the field emission-type electron source shown 
in Fig. 6A; 

Fig. 9 is a graph showing relationships between voltage and current density (voltage-current property) in the field 
emission-type electron source of the present invention and the field emission-type electron source of a comparative 
55 example; 

Figs. 10A and 10B are views showing oxidized states of a nano crystalline silicon layer; 

Fig. 11 is a rough perspective view of a display which utilizes a field emission-type electron source using an n- 

type silicon substrate, according to the present invention; 
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• 



Fig. 12 is an elevational section view of a display which utilizes afield emission-type electron source using a glass 
substrate, according to the present invention; 

Fig. 1 3 is a graph showing an operating characteristic of a field emission -type electron source according to Example 
5 in Embodiment 14; 

s Fig. 14 is a graph showing an operating characteristic ol a field emission-type electron source according to Example 

2; and 

Fig. 1 5 is a graph showing an operating characteristic of a field emission-type electron source according to Example 
3. 

10 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0031] Hereinafter, preferred embodiments of the present invention will be concretely described. 
(Embodiment 1 ) 

15 

[0032] Fig. 1A shows an elevational section of a field emission-type electron source, in which the electrically con- 
ductive substrate is composed of an n-type silicon substrate. Hereupon, the n-type silicon substrate is composed of a 
(100) substrate whose electrical resistivity is about 0.1 Q cm. As shown in Fig. 1A, the field emission-type electron 
source 1 0 is provided with an n-type silicon substrate 1 , a non-doped polycrystalline silicon layer 3 formed on a surface 
20 of the n-type silicon substrate 1 , a strong field drift layer 6 formed on the polycrystalline silicon layer 3 S and an electrically 
conductive thin film 7 formed on the strong field drift layer 6, the thin film 7 being composed of a thin gold film. Further, 
an ohmic electrode 2 is provided on the back surface of the n-type silicon substrate 1 . 

[0033] Thus, in the field emission-type electron source 10, the n-type silicon substrate 1 is used as an electrically 
conductive substrate. Hereupon, the electrically conductive substrate is intended to construct a negative electrode of 

25 the field emission-type electron source 10, to support the strong field drift layer 6 in a vacuum space, and further to 
inject electrons into the strong field drift layer 6. Therefore, the electrically conductive substrate need not be restricted 
to the n-type silicon substrate, if only it is capable of constructing the negative electrode of the field emission-type 
electron source 10 and supporting the strong field drift layer 6. For example, the electrically conductive substrate may 
be composed of metal such as chrome. 

30 [0034] Moreover, as shown in Fig. 1 B, the electrically conductive substrate may be composed of a substrate in which 
an electrically conductive film 1 2 (for example, ITO film) is formed on a surface of an insulating plate 11 such as a glass 
plate (or a ceramic plate). In this case, it would be possible to enlarge the electron emitting area of the field emission- 
type electron source and to lower the manufacturing cost of the source, in comparison with the case using the semi- 
conductor substrate. 

35 [0035] The strongfield drift layer 6, which is formed by oxidizing a porous polycrystalline silicon using an acid solution, 
is a layer into which electrons are injected when voltage is applied between the electrically conductive substrate and 
the electrically conductive thin film (thin metal film). The strong field drift layer 6 is composed of a polycrystalline body 
including many grains. On a surface of each of the grains, a structure of nano meter order having an oxide film (here- 
inafter, being referred to "nano structure") exists. It is required that the dimension of the nano structure is smaller than 

40 the mean free path of the electron in the monocrystalline silicon, that is about 50 nm, in order to make electrons injected 
into the strong field drift layer 6 reach the surface of the strong field drift layer 6 without colliding the electrons to the 
nano structure (namely, without causing dispersion of electrons). Concretely, it is preferable that the dimension of the 
nano structure is smaller than 10 nm, and further it is more preferable that the dimension is smaller than 5 nm. 
[0036] In Embodiment 1 , the electrically conductive thin film 7 (thin metal film) is composed of a thin gold film. The 

45 electrically conductive thin film 7 is intended to construct a positive electrode of the field emission-type electron source 
10, and to apply electrical field to the strong field drift layer 6. Electrons, which have reached the surface of the strong 
field drift layer 6 by applying the electrical field, are emitted outward from the surface of the electrically conductive thin 
film 7 by means of the tunnel effect. Hereupon, an ideal energy of the emitted electrons is the energy difference obtained 
by subtracting the energy of the work function of the electrically conductive thin film 7 from the energy of the electrons 

so obtained by applying DC voltage between the electrically conductive substrate and the electrically conductive thin film 
7. Therefore, the smaller the work function of the electrically conductive thin film 7 is, it is more desirable. 
[0037] In Embodiment 1 , although gold is used as a material of the electrically conductive thin film 7, the material 
need not be restricted to gold. Any metal may be used as the material, if only its work function is small. For example, 
aluminum, chrome, tungsten, nickel, platinum or the like may be used. The workf unction of each of the metals described 

55 above is as follows. 



Gold j 5.10 eV Aluminum j 4.28 eV 

: ■ , t 



6 



45 



50 



EP 1 003 195 A2 

(continued) 



Chrome 


| 4.50 ev 


Tungsten 


I 4.55 eV 


Nickel 


5.15 eV 


Platinum 


! 5.65 eV 



[0038] Hereinafter, a manufacturing process of a field emission-type electron source 10 will be described, while 
referring to Figs. 2A to 2D. 

[0039] In the manufacturing process, after an ohmic electrode 2 has been formed on the back surface of an n-type 
silicon substrate 1 at first, a non-doped potycrystalline silicon layer 3 of about 1 .5 urn thickness is formed on the n-type 

10 silicon layer 1 so that the structure shown in Fig. 2A is obtained. The film making process of the polycrystalline silicon 
layer 3 is performed by means of the LPCVD process. In the film making process, degree of vacuum is set to 20 Pa, 
temperature of the substrate is set to 640 °C, and flow rate of monosilane gas is set to 600 seem. Hereupon, if the 
electrically conductive substrate is a semiconductor, the film making process of the polycrystalline silicon layer 3 may 
be performed by means of the LPCVD process or the sputtering process. Alternatively, the film making process may 

is be performed by annealing an amolphous siiicon film so as to be crystallized, the amolphous silicon film having been 
formed by the plasma CVD process. 

[0040] If the electrically conductive substrate is a substrate in which an electrically conductive film is formed on a 
glass plate, the polycrystalline silicon layer may be formed by annealing an amolphous silicon film using an excimer 
laser, the amolphous silicon film having been formed on the electrically conductive film by the CVD process. Because 
20 the process for forming the polycrystalline silicon layer 3 on the electrically conductive film need not be restricted to 
the CVD process, there may be used, for example, the CGS (Continuous Grain Silicon) process or the catalytic CVD 
process. 

[0041] After the non-doped polycrystalline silicon layer 3 has been formed, a porous polycrystalline silicon layer 4 is 
formed by performing an anodic oxidation treatment to the polycrystalline silicon layer 3 using an anodic oxidation 

25 processing tank containing electrolyte composed of a mixture in which hydrogen fluoride aqueous solution of 55 wt% 
and ethanol are mixed together in the ratio of nearly 1:1. The anodic oxidation treatment is performed with constant 
current while applying light to the layer 3 in such a manner that a platinum electrode (not shown) acts as a negative 
electrode and the n-type silicon substrate 1 (ohmic electrode 2) acts as a positive electrode. Thus, the structure shown 
in Fig. 2B is obtained. Hereupon, in the anodic oxidation treatment, current density is set to the constant value of 10 

30 mA/cm 2 , and time of the anodic oxidation step is set to 30 seconds. Further, during the anodic oxidation treatment, 
light is applied to the surface of the polycrystalline silicon layer 3 using a tungsten lamp of 500 W. In consequence, the 
porous polycrystalline silicon layer 4 of nearly 1 urn thickness is formed. Although only a part of the polycrystalline 
silicon layer 3 is crystallized in this case, the whole polycrystalline silicon layer 3 may be crystallized. 
[0042] After the anodic oxidation treatment has been completed ; the electrolyte is removed from the anodic oxidation 

35 processing tank, and then dilute nitric acid of nearly 10% concentration is newly put into the anodic oxidation processing 
tank. Then, using the anodic oxidation processing tank containing dilute nitric acid, the porous polycrystalline silicon 
layer 4 is oxidized by letting constant current flow between the platinum electrode (not shown) and the n-type silicon 
substrate 1 (ohmic electrode 2) in such a manner that the platinum electrode acts as a negative electrode and the 
silicon substrate 1 acts as a positive electrode. Thus, the structure shown in Fig. 2C is obtained. In Fig. 2C, the numeral 

40 6 denotes a strong field drift layer formed by oxidizing the porous polycrystalline silicon layer 4 using acid (dilute nitric 
acid in this case). 

[0043] Hereupon, it may be considered that when the porous polycrystalline silicon layer 4 is oxidized by dilute nitric 
acid, there occur such reactions as shown by the following reaction formulas 1 and 2. In the reaction formulas, h + 
denotes a hole, and e" denotes an electron. 



(Negative electrode) HN0 3 +3H + -» NO+2H 2 Q+3h + reaction formula 1 



(Positive electrode) 3h + +Si+2H 2 0 -» Si0 2 +4H%e' reaction formula 2 



[0044] As shown schematically in Fig. 3, silicon oxide (Si0 2 ) is formed on the surfaces of pores of the porous poly- 
crystalline silicon layer 4 due to the above-mentioned reactions. Further, the concentration of dilute nitric acid or the 
current density (constant value) may be conveniently changed in correspondence with any desired thickness or quality 
55 etc. of the porous polycrystalline silicon layer 4 which is to be oxidized. 

[0045] Further, the potential voltage at the end point may be set to a preferable (optimum) value, for example, in the 
range of several V to several tens V. Moreover, the applied light or the temperature may be conveniently set to a 
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preferable value. 

[0046] Hereupon, as to the strong field drift layer 6, it may be considered that the surface of the fine silicon crystal 
composed of the nano structure, which is formed by means of the anodic oxidation treatment, is oxidized by dilute nitric 
acid. 

5 [0047] As shown in Fig. 4, it may be considered that the strong field drift layer 6 includes at least pillar-shaped 
polycrystalline silicon grains 61, thin silicon oxide films 62 formed on the surfaces of the polycrystalline silicon grains 
61, fine crystalline silicon layers 63 existing among the polycrystalline silicon grains 61, and silicon oxide films 64 
formed on the surfaces of the fine crystalline silicon layers 63. 

[0048] In Embodiment 1 , because the porous polycrystalline silicon layer 4 is oxidized using acid (dilute nitric acid), 
io the process temperature is lower than that of the conventional manufacturing process (disclosed in Japanese Patent 
Applications of No. 10-272340, No. 10-272342 or No. 10-271876 by the inventors of the present application), in which 
the strong field drift layer is formed by oxidizing the porous semiconductor layer by means of the RTO process. Ac- 
cordingly, restriction of materials usable lor the electrically conductive substrate becomes smaller so_that the field 
emission-type electron source may have a larger electron emitting area and may be manufactured at lower cost. Further, 
15 because the porous polycrystalline silicon layer 4 is oxidized by means of the wet process after the anodic oxidation 
treatment, the manufacturing process may be simplified in comparison with the case of oxidizing the layer 4 by means 
of the RTO process after the anodic oxidation treatment. 

[0049] After the strong field drift layer 6 has been formed, an electrically conductive thin film 7, which is composed 
of a thin gold film, is formed on the strong field drift layer 6, for example, by means of the vapor deposition process. 

so Thus, there is obtained such a field emission-type electron source 10 having the structure shown in Fig. 2D (Fig. 1 A). 
Although the thickness of the electrically conductive thin film 7 is set to nearly 10 nm in Embodiment 1, the thickness 
need not be restricted to that. Hereupon, in the field emission-type electron source 1 0, there is formed a diode in which 
the electrically conductive thin film acts as a positive electrode (anode) while the ohmic electrode 2 acts as a negative 
electrode (cathode). Meanwhile, although the electrically conductive thin film 7 (thin gold film) is formed by means of 

25 the vapor deposition process in Embodiment 1 , the method of forming the electrically conductive thin film 7 need not 
be restricted to the vapor deposition process. For example, the sputtering process may be used. 
[0050] It may be considered that in the field emission -type electron source 1 0 of Embodiment 1 , electrons are emitted 
according to the following model. 

[0051] That is, as shown in Fig. 5, let us suppose that a collector electrode 21 is disposed so as to face the electrically 

30 conductive thin film. 7, DC voltage Vps is applied between the electrically conductive thin film 7 and the ohmic electrode 
2, and further DC voltage Vc is applied between the collector electrode 21 and the electrically conductive thin film 7. 
In that condition, when the DC voltage, which is applied to the electrically conductive thin film 7 in such a manner that 
the thin film 7 becomes a positive electrode against the n-type silicon substrate 1 , reaches a predetermined value 
(critical value), electrons e~ are injected from the n-type silicon substrate 1 side to the strong field drift layer 6 by means 

35 of thermal excitation. On the other hand, because the electrical field, which is applied to the strong field drift layer 6, 
is mostly applied to the silicon oxide films 64, the injected electrons are accelerated by the strong electrical field applied 
to the silicon oxide films 64. Thus, within the strong field drift layer 6, the electrons drift in the direction indicated by an 
arrow A in Fig. 4 in the space among the polycrystalline silicon grains 61 toward the surface of the layer 6. Then, the 
electrons pass through the electrically conductive thin film 7 to be emitted into the vacuum after passing through the 

40 oxide layer on the uppermost surface of the strong field drift layer 6. 

[0052] In the field emission-type electron source 10 manufactured according to the above-mentioned process, as 
same as the case of the field emission-type electron source proposed in the Japanese Patent Application of No. 
10-272340, No. 10-272342 or No. 10-271876 by the inventors of the present application, electrons can be stably emit- 
ted : because its electron emitting property has a smaller dependency to the degree of vacuum, and further a popping 

<5 phenomenon is not caused when the electrons are emitted. Further, in addition to a semiconductor substrate such as 
a monocrystalline silicon substrate, there may be used a substrate in which an electrically conductive film (for example, 
ITO film) is provided on a surface of a glass plate or the like, as the electrically conductive substrate. Therefore, in the 
field emission-type electron source, its electron emitting area can be enlarged and its manufacturing cost can be low- 
ered s in comparison with the Spindt-type electrode. 

50 [0053] Although both ol the anodic oxidation treatment and the oxidation treatment using acid after the anodic oxi- 
dation treatment are performed using the same anodic oxidation processing tank in Embodiment 1 , it is of course that 
each of the treatments may be performed using its individual anodic oxidation processing tank. 

(Embodiment 2) 

55 

[0054] Hereinafter, Embodiment 2 of the present invention will be described. Hereupon, the fundamental construction 
of the field emission-type electron source and the manufacturing method thereof according to Embodiment 2 are nearly 
as same as those of Embodiment 1 except the following matters. 
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[0055] Namely, in Embodiment 2, after the anodic oxidation treatment has been completed, the electrolyte is removed 
from the anodic oxidation processing tank, and then dilute sulfuric acid of nearly 10% concentration is newly put into 
the anodic oxidation processing tank. Then, using the anodic oxidation processing tank containing dilute sulfuric acid, 
the porous polycrystalline silicon layer 4 is oxidized by letting constant current flow between the platinum electrode 
s (not shown) and the n-type silicon substrate 1 (ohmic electrode 2) in such a manner that the platinum electrode acts 
as a negative electrode and the silicon substrate 1 acts as a positive electrode. That is, in Embodiment 2, the surface 
of the fine silicon crystal composed of the nano structure, which is formed by means of the anodic oxidation treatment, 
is oxidized by dilute sulfuric acid. 

[0056] Hereupon, it may be considered that when the porous polycrystalline silicon layer 4 is oxidized by dilute sulfuric 
10 acid, there occur such reactions as shown by the following reaction formulas 3 and 4. In the reaction formulas, h + 
denotes a hole, and e- denotes an electron. 

(Negative electrode) H 2 S0 4 +2H + -> S0 2 +2H 2 0+2h + reaction formula 3 

is 

(Positive electrode) 2h + +Si+2H 2 0 -> Si0 2 +4H + +2e' reaction formula 4 

[0057] Hereupon, the concentration of dilute sulfuric acid or the current density may be conveniently changed in 
20 correspondence with any desired thickness or quality etc. of the porous polycrystalline silicon layer 4 which is to be 
oxidized. 

[0058] Further, the potential voltage at the end point may be set to a preferable (optimum) value, for example, in the 
range of several V to several tens V. Moreover, the applied light or the temperature may be conveniently set to a 
preferable value. 

25 

(Embodiment 3) 

[0059] Hereinafter, Embodiment 3 of the present invention will be described. Hereupon, the fundamental construction 
of the field emission -type electron source and, the manufacturing method thereof according to Embodiment 3 are nearly 

30 as same as those of Embodiment 1 except the following matters. 

[0060] Namely, in Embodiment 3, after the anodic oxidation treatment has been completed, the electrolyte is removed 
from the anodic oxidatbn processing tank, and then aqua regia ((concentrated hydrochloric acid):(concentrated nitric 
acid)=3:1) is newly put into the anodic oxidation processing tank. Thus, the porous polycrystalline silicon layer 4 is 
oxidized by aqua regia. Because silicon is gradually oxidized in aqua regia, the surface of the fine silicon crystal is 

35 oxidized by aqua regia which has permeated into the pores in the porous polycrystalline silicon layer 4 in Embodiment 3. 
[0061] Thus, in Embodiments 1 to 3, the porosity of the porous polycrystalline silicon layer 4 is nearly uniform in the 
direction of thickness of the layer by making the current density constant during the anodic oxidation step. However, 
by changing the current density during the anodic oxidation step, there may be produced such a structure that porous 
polycrystalline silicon layers with larger porosity and porous polycrystalline silicon layer with smaller porosity are lam- 

40 inated by turns, or such a structure that the porosity successively changes in the direction of thickness of the layer. 
[0062] Meanwhile, in Embodiments 1 to 3, the strong field drift layer 6 is formed by oxidizing the porous polycrystalline 
silicon layer using acid. However, the strong field drift layer may be formed using acid by oxidizing the porous poly- 
crystalline silicon which is formed by making monocrystalline silicon porous by means of the anodic oxidation treatment. 

45 (Embodiment 4) 

[0063] Hereinafter, Embodiment 4 ot the present invention will be described. In the field emission-type electron source 
10 according to any one of Embodiments 1 to 3, the strong field drift layer 6 is formed by oxidizing the porous semi- 
conductor layer (porous polycrystalline silicon layer 4 or porous monocrystalline silicon layer), which has been formed 

50 by means of the anodic oxidation treatment, using acid. Further, because the mixture solution, in which hydrogen 
fluoride aqueous solution and ethanol are mixed together, is used as an electrolyte in the anodic oxidation treatment, 
silicon atoms in the porous semiconductor layer are terminated by hydrogen atoms. Accordingly, because the hydrogen 
content in the strong field drift layer 6 becomes comparatively higher, the distribution of the hydrogen atoms changes 
with the lapse of time so that the stability of the electron emitting efficiency with time passing may deteriorated. For 

55 example, when the electrically conductive thin film 7 (thin gold film) is patterned on the strong field drift layer 6, hydrogen 
atoms may fall out from the strong field drift layer 6 so that the stability with time passing may be deteriorated. Further, 
because the silicon atoms in the porous semiconductor layer are terminated by the hydrogen atoms, it may be difficult 
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to form a minute oxide film such as Si0 2 . 

[0064] On the other hand, in Embodiment 4, before the porous semiconductor layer (porous pofycrystalline silicon 
layer 4 or porous monocrystalline silicon layer), which has been formed by means of the anodic oxidation treatment, 
is oxidized using acid (for example, dilute nitric acid, dilute sulfuric acid or aqua regia), namely before the silicon oxide 
s film is elect rochemically formed, hydrogen atoms which terminate silicon atoms are substituted with oxygen atoms by 
immerging the porous semiconductor layer in an oxidant solution for a time capable of oxidizing its very surface layer. 
Hereupon, as the above-mentioned oxidant solution, it is preferable to use any one or a mixture of plural ones selected 
in a group of oxidants composed of nitric acid (HN0 3 ), sulfuric acid (HgSO^y hydrochloric acid (HCI) and hydrogen 
peroxide (HgOg). 

10 [0065] Thus, in Embodiment 4, as shown in Fig. 6A, the strong field drift layer 6 is formed by oxidizing the porous 
semiconductor layer, whose very surface layer has been oxidized by the oxidant solution, using acid. Accordingly, 
when the porous semiconductor layer is formed by means of the anodic oxidation treatment, hydrogen atoms, which 
terminate atoms of the surface of the porous semiconductor layer, are substituted with oxygen atoms by the oxidant 
solution. In consequence, the hydrogen content in the strong field drift layer 6 becomes smaller, thereby the time- 
's depending change of the hydrogen distribution in the strong field drift layer 6 becomes smaller so that the stability of 
the layer may be improved. Further, in Embodiment 4, because the oxide film produced by oxidizing the porous sem- 
iconductor layer using acid tends to form a Si0 2 structure or a structure similar to the Si0 2 structure, the minuteness 
and quality of the oxide film may be improved so that electron emitting efficiency is improved and further the breakdown 
voltage is raised. Hereupon, the function of the strong field drift layer 6 is as same as that of the strong field drift layer 
20 6 in Embodiment 1. 

[0066] Hereupon, if the oxidant solution is heated, process time of the oxidation treatment by means of the oxidant 
solution may be shortened so that its throughput may be improved. 

[0067] Moreover, as shown in Fig. 6B, as the electrically conductive substrate, there may be used a substrate in 
which a electrically conductive film 12 (for example, 1TO film) is formed on a insulating plate 11 such as a glass plate 
25 (or ceramic plate). In this case, enlarging the electron emitting area of the field emission-type electron source and 
lowering the manufacturing cost of the source may be more easily achieved in comparison with the case using a 
semiconductor substrate. 

[0068] Next, a manufacturing process of a field emission-type electron source according to Embodiment 4 will be 
described as an example, while referring to Figs. 7A to 7D. However, because the manufacturing process is nearly as 
30 same as the manufacturing process described in Embodiment 1 (Figs. 2A-2D), the members corresponding to members 
in Embodiment 1 are given the same numeral as same as those in Embodiment 1 so that the detailed description about 
them will be omitted. Further, as to the steps as same as those in Embodiment 1 , the description about them will be 
simplified or omitted. 

[0069] In the manufacturing process according to Embodiment 4, as same as the case of Embodiment 1 , after an 
35 ohmic electrode 2 has been formed on the back surface of an n-type silicon substrate 1 , a non-doped polycrystalline 
silicon layer 3 of about 1 .5 p.m thickness is formed on the front surface of the n-type silicon layer 1 by means of the 
LPCVD process so that the structure shown in Fig. 7 A is obtained, in Embodiment 4, the n-type silicon substrate 1 
((100) type of substrate), which is used as an electrically conductive substrate, has electrical resistivity of 0.01 to 0.02 
Llcm and thickness of 525 urn. 

40 [0070] Then, a porous polycrystalline silicon layer 4 is formed by performing an anodic oxidation treatment to the 
polycrystalline silicon layer 3 using an anodic oxidation processing tank containing electrolyte composed of a mixture 
in which hydrogen fluoride aqueous solution of 55 wt% and ethanol are mixed together in the ratio of nearly 1 :1 . The 
anodic oxidation treatment is performed with constant current while applying light to the layer 3 in such a manner that 
a platinum electrode (not shown) acts as a negative electrode and the n-type silicon substrate 1 (ohmic electrode 2) 

45 acts as a positive electrode. Thus, the structure shown in Fig. 7B is obtained. In the anodic oxidation treatment, current 
density is set to the constant value of 30 mA/cm 2 , and time of the anodic oxidation step is set to 10 seconds. Further, 
during the anodic oxidation treatment, light is applied to the surface of the polycrystalline silicon layer 3 using a tungsten 
lamp of 500 W. Hereupon, in Embodiment 4, the anodic oxidation treatment is performed in such a condition that only 
one area whose diameter is 10 mm in the surface of the polycrystalline silicon layer 3 contacts with the electrolyte, 

50 while the other area is sealed so as to be prevented from contacting with the electrolyte. Further, in Embodiment 4, 
the polycrystalline silicon layer 3 is wholly made porous. 

[0071] Next, the very surface layer of the porous silicon layer 3 is oxidized by an oxidant solution. In Embodiment 4, 
as the oxidant solution, there is used nitric acid (concentrated nitric acid) heated up to 115 t , whose concentration is 
nearly 70 %. Time oxidation is 10 minute. 
55 [0072] Then, dilute nitric acid of nearly 10% concentration is newly put into the anodic oxidation processing tank. 
Thus, using the anodic oxidation processing tank containing dilute nitric acid, the porous polycrystalline silicon layer 
4 is oxidized by letting constant current flow between the platinum electrode and the n-type silicon substrate 1 in such 
a mannerthatthe platinum electrode acts asa negative electrode andthe silicon substrate 1 acts as a positive electrode. 
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Thus, the structure shown in Fig. 70 is obtained, in Fig. 7C, the numeral 6 denotes a strong field drift layer formed by 
oxidizing the porous polycrystalline silicon layer 4, whose very surface layer has been oxidized by the oxidant solution, 
using acid (Although dilute nitric acid is used in Embodiment 4, dilute sulfuric acid or aqua regia may be used.). 
[0073] After the strong field drift layer 6 has been formed, an electrically conductive thin film 7, which is composed 
5 of a thin gold film, is formed on the strong field drift layer 6. Thus, there is obtained such a field emission-type electron 
source 1 0 having the structure shown in Fig. 7D. Although the thickness of the electrically conductive thin film 7 is set 
to nearly 15 nm in Embodiment 4, the thickness need not be restricted to that. 

(Embodiment 5) 

70 

[O074] Hereinafter, Embodiment 5 of the present invention will be described. However, because the fundamental 
construction and the manufacturing process of the field emission-type electron source according to Embodiment 5 are 
nearly as same as those of Embodiment 4 (further Embodiment 1), as to the constructive elements and the manufac- 
turing step corresponding to those in Embodiment 4, detailed description about them will be simplified or omitted. Thus, 
15 differences to Embodiment 4 will be mainly described. Embodiment 5 will be described, referring to Figs. 6A-6B, Figs. 
7A-7D, Fig. B and Fig. 9. In Embodiment 5, as the electrically conductive substrate, there is used a monocryatal n-type 
silicon substrate 1 whose electrical resistivity is comparatively near to that of an electrical conductor (for example, 
(100) type of substrate whose electrical resistivity is approximately 0.1 Qcm). 

[0075] In the field emission-type electron source 10 shown in Fig. 6A according to Embodiment 5, also, as same as- 
20 the case of Embodiment 4, electrons injected from the n-type silicon substrate 1 to the strong field drift layer 6 drift the 
layer 6, and then pass through the electrically conductive thin film 7 (surface electrode) to be emitted outward. The 
field emission-type electron source 10 is characterized in that the strong field drift layer 6 has a minute oxide film in 
which hydrogen content (entrance) is less in comparison with the conventional case. Hereupon, the oxide film is a very 
minute film having a Si0 2 structure or a structure nearer to the St0 2 structure. In the field emission-type electron source 
25 10, because the hydrogen content (entrance) in the strong field drift layer 6 is less, deterioration of the electron emitting 
efficiency due to time-depending change of the hydrogen distribution is less compared with the conventional case. 
Further, because the oxide film is very minute in comparison with the conventional case, the breakdown voltage for 
insulation of the source is higher. 

[0076] Moreover, in Embodiment 5, although the strong field drift layer 6 is composed of the oxidized porous poly- 
30 crystalline silicon layer, the layer 6 may be composed of an oxidized porous monocry stall in e silicon. 

[0077] Next, a manufacturing process of a field emission-type electron source according to Embodiment 5 will be 
described as an example, while referring to Figs. 7A to 7D. However, because the manufacturing process is nearly as 
same as the manufacturing process described in Embodiment 4 (Figs. 7A-7D), the members corresponding to members 
in Embodiment 4 are given the same numerals as same as those in Embodiment 4 so that detailed description about 
35 them will be simplified or omitted. Further, as to the steps as same as those in Embodiment 4, description about them 
will be simplified or omitted. 

[0078] In the manufacturing process according to Embodiment 5, as same as the case of Embodiment 4, after an 
ohmic electrode 2 has been formed on the back surface of an n-type silicon substrate 1 , a non-doped polycrystalline 
silicon layer 3 with a predetermined thickness (for example, 1.5 ujti), which is one of semiconductor layers, is formed 

40 on the front surface of the n-type silicon layer 1 so that the structure shown in Fig. 7A is obtained. Hereupon, as same 
as the case of Embodiment 4 (Embodiment 1 ), when the electrically conductive substrate is a semiconductor substrate, 
the polycrystalline silicon layer 3 may be formed by means of the LPCVD process, the sputtering process or the like. 
Meanwhile, when the electrically conductive substrate is a substrate in which an electrically conductive film is formed 
on a glass plate, the polycrystalline silicon layer 3 may be formed by means of the process similar to those of Embod- 

45 iment 4. 

[0079] After the non-doped polycrystalline silicon layer 3 has been formed, as same as the case of Embodiment 4, 
a porous polycrystalline silicon layer 4 is formed by performing the anodic oxidation treatment so that the structure 
shown in Fig. 7B is obtained. Although the intensity of light applied to the polycrystalline silicon layer 3 and the current 
density are constant during the anodic oxidation process in the anodic oxidation treatment in Embodiment 5, those 

50 may be conveniently changed during the process (For example, the current density may be changed.). 

[0080] After the anodic oxidation has been completed, the very surface layer of the porous polycrystalline silicon 
layer 4 is oxidized using an oxidant solution. Further, the layer 4 is oxidized by means of the RTO process so that a 
strong field drift layer 6 is formed. Thus, the structure shown in Fig. 7C is obtained. In short, in Embodiment 5, hydrogen 
atoms, which terminate silicon atoms in the porous polycrystalline silicon layer 4 formed by means of the anodic oxi- 

55 dation treatment, are substituted with oxygen atoms by the oxidation solution. Hereupon, as the oxidant solution, any 
one or a mixture of plural ones selected in a group of oxidants composed of nitric acid (HNC^): sulfuric acid (H 2 S0 4 ), 
hydrochloric acid (HCI) and hydrogen peroxide (H 2 0 2 ) may be used. 

[0081] After the strong field drift layer 6 has been formed, an electrically conductive thin film 7, which is composed 
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of a thin gold film, is formed on the strong field drift layer 6, for example, by means of the vapor deposition process. 
Thus, there is obtained such a field emission-type electron source 1 0 having the structure shown in Fig. 7D. Hereupon, 
the thickness of the electrically conductive thin film 7 need not be restricted to a particular value, it may be any desirable 
value if only electrons, which has passed through the strong field drift layer 6, can pass through the film 7. Further, 
5 although the electrically conductive thin film 7 is formed by means of the vapor deposition process in Embodiment 5, 
the method of forming the electrically conductive thin film 7 need not be restricted to the vapor deposition process. For 
example, the sputter process may be used. 

[0082] Thus, in the above-mentioned manufacturing method, the RTO process is performed to the very surface layer 
of the porous polycrystalline silicon layer 4 formed by means of the anodic oxidation treatment after the oxidation 
10 process using the oxidant solution, thereby the hydrogen content in the strong field drift layer 6 becomes smaller so 
that a minute oxide film having a Si0 2 structure or a structure nearer to the Si0 2 structure. In consequence, the field 
emission-type electron source, in which the time-dependent change of the electron emitting efficiency is less and further 
the breakdown voltage is higher, may be obtained. 

[0083] Moreover, in the field emission-type electron source 10 manufactured according tothe above-mentioned man* 
is ufacturing method, as same as the field emission-type electron source 10 according to Embodiment 4, electrons can 
be stably emitted, because its electron emitting property has a smaller dependency to the degree of vacuum, and 
further a popping phenomenon is not caused when the electrons are emitted. Further, in addition to a semiconductor 
substrate such as a monocrystalline silicon substrate, there may be used a substrate in which an electrically conductive 
film (for example, ITO film) is provided on a surface of a glass plate or the like, as the electrically conductive substrate. 
20 Therefore, in the field emission-type electron source, its electron emitting area can be enlarged and its manufacturing 
cost can be lowered, in comparison with the Spindt-type electrode. 

(Example 1 ) 

25 [0084] Hereinafter, as Example 1, there will be described a field emission-type electron source 10 manufactured 
under the following conditions, by means of the manufacturing method according to Embodiment 5. 
[0085] In Example 1 , as the n-type silicon substrate 1 , there was used a (100) type silicon substrate, in which the 
electrical resistivity was 0.01-0.02 ft cm and the thickness was 525 um The polycrystalline silicon layer 3 (see Fig. 
7A) was formed by means of the LPCVD process. In the film forming process, the degree of vacuum was 20 Pa, the 

30 temperature of the substrate was 640 P C, and the flow rate of the monosilane gas was 600 seem. 

[0086] In the anodic oxidation treatment, there was used an electrolyte in which hydrogen fluoride aqueous solution 
of 55 wt% and ethanol were mixed together in the ratio of nearly 1:1. In the anodic oxidation treatment, only one region 
of 10 run diameter in the surface of the polycrystalline silicon layer 3 contacted with the electrolyte, while the other 
region of the surface was sealed so as not to contact with the electrolyte. Further, a platinum electrode was immersed 

35 in the electrolyte, and then a predetermined current was made flow between the platinum electrode and the n-type 
silicon substrate 1 (ohhmic electrode 2) in such a manner that the platinum electrode became a negative electrode 
and the substrate 1 became a positive electrode, while applying light with constant light power (intensity) to the poly- 
crystalline silicon layer 3 using a tungsten lamp of 500 W. Hereupon, the current density was th constant value of 30 
mA/cm 2 , and the time of anodic oxidation process was 10 seconds. 

40 [0087] As the oxidant solution, nitric acid (its concentration being 70%) heated up to 115 °C was used. By the way, 
if the oxidant solution is heated, the rate of oxidation is raised so that the process time of the oxidation using the oxidant 
solution can be shortened. 

[0088] In the RTO process for oxidizing the porous polycrystalline silicon layer 4, the flow rate of the oxygen gas was 
300 seem, the oxidizing temperature was 900 °C, and the oxidizing time was 1 hour. The electrically conductive thin 

45 film 7 (thin gold film 7) was formed by means of the vapor deposition process, the thickness of the film being 15 nm. 
[0089] The field emission-type electron source 10 was introduced into a vacuum chamber (not shown), and then a 
collector electrode 21 (electrode for collecting emitted electrons) was disposed at a position facing to the electrically 
conductive thin film 7 as shown in Fig. 8. Then, the degree of vacuum in the vacuum chamber was set to 5 x 10" 5 Pa, 
DC voltage Vps was applied between the electrically conductive thin film 7 (anode) and the ohmic electrode 2 (cathode), 

50 and further DC voltage Vc of 1 00 V was applied between the collector electrode 21 and the electrically conductive thin 
film 7. Thus, there were measured diode current Ips flowing between the electrically conductive thin film 7 and the 
ohmic electrode 2, and emitted electron current le flowing between the collector electrode 21 and the electrically con- 
ductive thin film 7 due to electrons e - emitted from the field emission-type electron source 10 through the electrically 
conductive thin film 7 (The dashed line in Fig. B shows the current of the emitted electrons.). 

55 [0090] Fig. 9 shows the result of the measurement. In Fig. 9, the horizontal axis shows the DC voltage Vps, and the 
vertical axis shows the current density. Further, in Fig. 9 ; the marks O (G) ) and • (©) show the diode current Ips and 
the emitted electron current le in Example 1, respectively. 

[0091] Moreover, in Fig. 9, as an example for comparison, there is also shown the result obtained by performing a 
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measurement similar to the above-mentioned measurement as to a field emission-type electron source, which was 
manufactured under the same conditions as those of Example 1 except omitting the oxidation using the oxidant solution 
before the RTO process. In Fig. 9, the marks □ (©) and ■ (@) show the diode current Ips and the emitted electron 
current le in the example for comparison, respectively. 

5 [0092] As apparent from Fig. 9, when Example 1 is compared with the example for comparison, the diode current 
Ips of Example 1 is lower than that of the example for comparison, although the emitted electron currents le of the both 
are nearly same. Because the electron emitting efficiency is expressed by the ratio of the emitted electron current le 
to the diode current Ips, that is le/lps, it may be understood that the electron emitting efficiency of the field emission- 
type electron source 10 according to Example 1 is higher than that of the example for comparison. Further, a dielectric 

io breakdown occurs at a point that DC voltage Vps is 22 V in the example for comparison, while such a dielectric break- 
down does not occur in Example 1 even if DC voltage Vps is raised up to 28 V. That is, the breakdown voltage of 
Example 1 is higher than that of the example for comparison. 



is 

[0093] Hereinafter, as Example 2, there will be described a field emission-type electron source 10 manufactured 
under the following condition. 

[0094] In Example 2, as the n-type silicon substrate 1 , there was used a (100) type silicon substrate, in which the 
electrical resistivity was 0.01-0.02 ft cm and the thickness was 525 um The polycrystalline silicon layer 3 (see Fig. 

20 7 A) was formed by means of the LPCVD process. In the film forming process, the degree of vacuum was 20 Pa, the 
temperature of the substrate was 640 °C, and the flow rate of the monosilane gas was 600 seem. 
[0095] In the anodic oxidation treatment, there was used an electrolyte in which hydrogen fluoride aqueous solution 
of 55 wt% and ethanol were mixed together in the ratio of nearly 1:1. In the anodic oxidation treatment, only one region 
of 10 mm diameter in the surface of the polycrystalline silicon layer 3 contacted with the electrolyte, while the other 

2$ region of the surface was sealed so as not to contact with the electrolyte. Further, a platinum electrode was immersed 
in the electrolyte, and then a predetermined current was made flow between the platinum electrode and the n-type 
silicon substrate 1 (ohhmic electrode 2) in such a manner that the platinum electrode became a negative electrode 
and the substrate 1 became a positive electrode, while applying light' with constant light power (intensity) to the poly- 
crystalline silicon layer 3 using a tungsten lamp of 500 W. Hereupon, the current density was th constant value of 30 

30 mA/cm 2 , and the time of anodic oxidation process was 1 0 seconds. 

[0096] After the porous polycrystalline silicon layer 4 had been formed, the layer 4 was electrochemically oxidized 
with the constant current of 1 mA/cm 2 in 1 molar wt% of sulfuric acid solution of 70 °C in such a manner that the 
platinum electrode became a negative electrode and the n-type silicon substrate 1 (electrically conductive substrate) 
became a positive electrode. Then the porous polycrystalline silicon layer 4 was washed using water and further dried 

35 up. Moreover, on the oxidized porous polycrystalline silicon layer 4, there was formed an electrically conductive thin 
film 7 (surface electrode) composed of gold (Au) having a thickness of 10 nm. 

[0097] Thus, the electron emitting efficiency of the field emission-type electron source 10 obtained as described 
above was measured in such a manner that the electrically conductive thin film 7 became a positive electrode and the 
n-type silicon substrate 1 (ohmic electrode 2) became a negative electrode. According to the measurement, when the 

40 voltage Vps was 20 V, the emitted electron current was 1 p. m/cm 2 . The result is shown in Fig. 14. 

[0098] Thus, although the only oxidation treatment of lower temperature was performed, there is observed emission 
of electrons of the emitted electron current. Therefore, if there is used a substrate such as a glass plate, which requires 
to be treated at lower temperature process, any desired field emission-type electron source may be manufactured. 
[0099] Hereupon, the processing condition such as kind of the acid, current density or the like need not be restricted 

45 to the above-mentioned condition. 



[0100] Hereinafter, as Example 3, there will be described a field emission-type electron source 10 manufactured 

so under the following conditions. 

[0101] In Example 3, as the n-type silicon substrate 1 , there was used a (100) type silicon substrate, in which the 
electrical resistivity was 0.01-0.02 O cm and the thickness was 525 urn The polycrystalline silicon layer 3 (see Fig. 
7A) was formed by means of the LPCVD process. In the film forming process, the degree of vacuum was 20 Pa, the 
temperature o1 the substrate was 640 °C, and the flow rate of the monosilane gas was 600 seem. 

ss [0102] In the anodic oxidation treatment, there was used an electrolyte in which hydrogen fluoride aqueous solution 
of 55 wt% and ethanol were mixed together in the ratio of nearly 1:1. In the anodic oxidation treatment, only one region 
of 10 mm diameter in the surface of the polycrystalline silicon layer 3 contacted with the electrolyte, while the other 
region of the surface was sealed so as not to contact with the electrolyte. Further, a platinum electrode was immersed 



(Example 2) 



(Example 3) 
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in the electrolyte, and then a predetermined current was made flow between the platinum electrode and the n-type 
silicon substrate 1 (ohhmic electrode 2) in such a manner that the platinum electrode became a negative electrode 
and the substrate 1 became a positive electrode, while applying light with constant light power (intensity) to the poly- 
crystalline silicon layer 3 using a tungsten lamp of 500 W. Hereupon, the current density was th constant value ot 30 

5 m A/cm 2 , and the time ot anodic oxidation process was 1 0 seconds. 

[0103] After the porous polycrystalline silicon layer 4 had been formed, the layer 4 was elect rochemically oxidized 
with the constant current of 20 mA/cm 2 in 1 molar wt% of sulfuric acid solution of 25 °C in such a manner that the 
platinum electrode became a negative electrode and the n-type silicon substrate 1 (electrically conductive substrate) 
became a positive electrode. Then the porous polycrystalline silicon layer 4 was washed using water and lurther dried 

io up. Further, a supplemental oxidation treatment by means of the rapid thermal oxidation process was performed to the 
layer 4. In the rapid thermal oxidation process, the flow rate of oxygen gas was 300 seem, the oxidizing temperature 
was 750 °C, and the oxidizing time was 1 hour. 

[0104] Then, on the oxidized porous polycrystalline silicon layer 4, there was formed an electrically conductive thin 

film 7 (surface electrode) composed of gold (Au) having a thickness of 10 nm. 
75 [0105] Thus, the electron emitting efficiency of the field emission-type electron source 10 obtained as described 

above was measured in such a manner that the electrically conductive thin film 7 became a positive electrode and the 

n-type silicon substrate 1 (ohmic electrode 2) became a negative electrode. According to the measurement, when the 

voltage Vps was 20 V, the emitted electron current was 10 ji m/cm 2 . The result is shown in Fig. 15. 

[01 06] Thus, although there was performed the only oxidation treatment of comparatively lower temperature in com- 
20 parison with the process using the only rapid thermal oxidation process, there is observed much emission of electrons 

of the emitted electron current. Therefore, if there is used a substrate, which requires to be treated at lower temperature 

process, any desired field emission-type electron source may be manufactured. 

[01 07] Hereupon, the processing condition such as kind of the acid, temperature of the acid, current density, the type 
of the rapid thermal oxidation or the like need not be restricted to the above-mentioned condition. 

25 

(Embodiment 6) 

[0108] Hereinafter, Embodiment 6 of the present invention will be described. However, because the fundamental 
construction and the manufacturing process of the field emission-type electron source according to Embodiment 6 are 
30 nearly as same as those of Embodiment 5, as to the constructive elements and the manufacturing step corresponding 
to those in Embodiment 5, detailed description about them will be simplified or omitted. Thus, differences to Embodiment 
5 will be mainly described. Embodiment 6 will be described, referring to Figs. 6A-6B, Figs. 7A-7D, Fig. 8 and Figs. 
10A-10B. 

[0109] As describe above, in the field emission-type electron source 1 0 shown in Fig. 4, the strong field drift layer 6 

35 includes at least the pillar-shaped polycrystalline silicon grains 61 , the thin silicon oxide films 62 formed on the surfaces 
of the polycrystalline silicon grains 61, the fine crystalline silicon layers 63 of nano meter order existing among the 
polycrystalline silicon grains 61, and the silicon oxide films 64 formed on the surfaces of the fine crystalline silicon 
layers 63, each of the films 64 being an insulating film having a thickness smaller than the diameter of a crystal particle 
of the fine crystalline silicon layer 63. 

40 [0110] In the strong field drift layer 6 of the field emission-type electron source 1 0 described above, it may be con- 
sidered that the surface of each of the grains is made porous, while the crystal state is maintained in the central portion 
of each of the grains. Therefore, the electrical field, which is applied to the strong field drift layer 6, is mostly applied 
to the silicon oxide films 64. Thus, electrons injected to the layer 6 are accelerated by the strong electrical field applied 
to the silicon oxide films 64 so that the electrons drift among the polycrystalline silicon grains 61 in the direction of the 

45 arrow A in Fig. 4 toward the surface of the layer 6. Accordingly, the electron emitting efficiency of the source is improved. 
[0111] Thus, the inventors of the present application have performed the following inventions according to Embodi- 
ments 6 to 14 in view of the silicon oxide films 64. That is, the inventors of the present application considers that the 
whole surfaces of the fine crystalline silicon layers 63 would be covered by oxygen atoms 65 as shown in Fig. 10A 
when the surfaces of the fine crystalline silicon layers 63 have been completely oxidized, while the surfaces of the fine 

50 crystal silicon layers 63 would not be wholly covered by the oxygen atoms 65 as shown in Fig. 10B when the oxidation 
has been performed by the RTO process (namely, the fine crystal silicon layers 63 would be insufficiently covered by 
the oxygen atoms 65). Thus, the inventors have performed the inventions according to Embodiments 6 to 14 on the 
basis of the above-mentioned consideration. In Embodiment 6, as the electrically conductive substrate, there is used 
a monocrystalline n-type silicon substrate 1 whose electrical resistivity is comparatively near to that of an electrical 

55 conductor (for example, (100) type of silicon substrate whose electrical resistivity is approximately 0.1 Qcm). 

[0112] In the field emission-type electron source 10 shown in Fig. 6 A according to Embodiment 6, also, electrons 
injected from the n-type silicon substrate 1, which is an electrically conductive substrate, drift the strong field drift layer 
6, and then are emitted outward through the electrically conductive thin film 7, by a process as same as that of Em- 
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bodiment 5. Hereupon, materials for the electrically conductive thin film 7 need not be restricted to gold. Any material 
(for example, aluminum, chrome, tungsten, nickel, platinum or the like) may be used if only its work function is small. 
[0113] Further, although the electrically conductive thin film 7 is formed as a single layer in Embodiment 6, it may be 
formed as a laminated thin electrode film composed of at least two layers laminated in the direction of the thickness 

5 of the layers. When the electrically conductive thin film 7 is composed of a laminated thin electrode film having two 
layers, for example, gold or the like may be used as the material for the upper layer of the laminated thin electrode 
film. On the other hand, as the material of the lower layer of the laminated thin electrode film (the thin layer facing the 
strong field drift layer 6), there may be used, for example, chrome, nickel, platinum, titanium, iridium or the like. 
[0114] Next, a manufacturing process of a field emission-type electron source according to Embodiment 6 will be 

10 described as an example, while referring to Figs. 7 A to 7D. However, because the manufacturing process is nearly as 
same as the manufacturing process described in Embodiment 4 or 5(Figs. 7A-7D), the members corresponding to 
members in Embodiment 4 or 5 are given the same numerals as same as those in Embodiment 4 or 5 so that detailed 
description about them will be simplified or omitted. Further, as to the steps as same as those in Embodiment 4 or 5, 
description about them will be simplified or omitted. 

is [0115] In the manufacturing process according to Embodiment 6, as same as the case of Embodiment 4 or 5, after 
an ohmic electrode 2 has been formed on the back surface of an n-type silicon substrate 1 , a non-doped polycrystalline 
silicon layer 3 with a predetermined thickness (lor example, 1 .5 urn), which is one of semiconductor layers, is formed 
on the front surface of the n-type silicon layer 1 so that the structure shown in Fig. 7A is obtained. Hereupon, the 
polycrystalline silicon layer 3 is formed by means of a process similar to that of Embodiment 4 or 5. 

20 [0116] After the non-doped polycrystalline silicon-layer 3 has been formed, as same as the case of Embodiment 4 
or 5, a porous polycrystalline silicon layer 4 is formed by performing the anodic oxidation treatment so that the structure 
shown in Fig. 7B is obtained. In the anodic oxidation treatment in Embodiment 6, the current density is constant. Further, 
during the anodic oxidation process, light is applied to the surface of the polycrystalline silicon layer 3 using a tungsten 
lamp of 500 W so that the polycrystalline -silicon layer 3 is wholly made porous. However only a portion of the poly- 

25 crystalline silicon layer 3 may be made porous. 

[0117] Next, a strong field drift layer 6 is formed by oxidizing the porous porycrystalline silicon layer 4 so that the 
construction shown in Fig. 7C is obtained. Hereupon, during the step of oxidizing the porous polycrystalline silicon 
layer 4, the porous polycrystalline silicon substrate 4 is oxidized by applying ultraviolet rays thereto in a gas atmosphere 
containing at least one of oxygen (0 2 ) and ozone (O a ). Hereupon, as the light source of the ultraviolet rays, there may 

30 be used, for example, an ultraviolet lamp (for example, a low-pressure mercury lamp whose main wave length com- 
ponent is 185 nm or 256 nm) or an excimer laser whose main wave length component is 172 nm. Time for applying 
the ultraviolet rays may be conveniently set to a value in a range of a few minutes to a few hours. 
[01 1 8] After the strong field drift layer 6 has been formed, an electrically conductive thin film 7 is formed on the strong 
field drift layer 6, for example, by means of the vapor deposition process. Thus, there is obtained such a field emission- 

35 type electron source 10 having the structure shown in Fig. 7D. Hereupon, although the electrically conductive thin film 
7 is formed by means of the vapor deposition process in Embodiment 6, the method of forming the electrically conductive 
thin film 7 need not be restricted to the vapor deposition process. For example, the sputter process may be used. 
[0119] By the way, in the manufacturing method disclosed in the Japanese Patent Application of No. 10-272340 or 
No. 10-272342, the strong field drift layer 6 is formed by oxidizing the porous polycrystalline silicon layer 4 by means 

40 of the RTO process. In this case, because the temperature of oxidation is comparatively higher (800-900 °C), it may 
be obliged to use a substrate in which an electrically conductive film is provided on an expensive quartz glass, or a 
monocrystalline silicon substrate, as the electrically conductive substrate. Accordingly, because it is restricted to en- 
large the area of the electrically conductive substrate, there may occur, for example, such a disadvantage that it is 
difficult to achieve a display having a larger area. 

45 [01 20] On the contrary, in the manufacturing method of the field emission-type electron source according to Embod- 
iment 6, because the porous polycrystalline silicon layer 4 is oxidized in the gas atmosphere containing at least one 
of oxygen and ozone while applying ultraviolet rays thereto during the oxidation step of the silicon layer 4, the electron 
emitting efficiency (efficiency of emitting electrons) is raised in comparison with the method of forming the strong field 
drift layer by oxidizing the porous polycrystalline silicon layer 4 by means of the RTO process. Hereupon, the electron 

so emitting efficiency is the value obtained by the formula of (le/lps) x 100 on the basis of the diode current Ips and the 
emitted electron current le. It may be considered that the reason why the electron emitting efficiency is high as described 
above, is such a matter that when the ultraviolet rays are applied in the ozone atmosphere, for example, silicon bonds 
in the uppermost surface of the fine crystal silicon layer 63 shown in Fig. 10B are cut by the ultraviolet rays and Si-O 
bonds are produced by active ozone so that the ratio of the surface of the fine crystal silicon layer 63, which is covered 

55 by the oxygen atoms 65 (That is, it approaches an ideal state shown in Fig. 1 0A.) is improved. Hereupon, it is of course 
that decomposition of the gas is promoted by applying the ultraviolet rays. 

[0121] Thus, according to the manufacturing method of Embodiment 6, because the porous polycrystalline silicon 
layer 4 is oxidized in the gas atmosphere containing at least one of oxygen and ozone while applying ultraviolet rays 



15 



EP 1 003 195 A2 



thereto during the oxidation step of the silicon layer 4, the electron emitting efficiency is raised. Further, because the 
strong field drift layer 6 is formed by oxidizing the porous polycrystalline silicon layer 4 without heating the layer 4, the 
strong field drift layer may be formed at a lower temperature in comparison with the case of forming the strong field 
drift layer by oxidizing the porous polycrystalline silicon layer by means of the RTO process (in this case, it must be 
s heated up to 800 to 900 °C). Therefore, because the process temperature is lower, restriction for materials of the 
electrically conductive substrate becomes less so that enlarging area and lowering manufacturing cost of the electron 
source may be easily achieved. 

(Embodiment 7) 

10 

[0122] Hereinafter, Embodiment 7 of the present invention will be described. However, because the fundamental 
construction and the manufacturing process of the field emission-type electron source according to Embodiment 7 are 
nearly as same as those of Embodiment 6 except that its oxidation step of the porous polycrystalline silicon layer 4 is 
different from that of Embodiment 6. Therefore, as to the constructive elements and the manufacturing step corre- 
15 sponding to those in Embodiment 6, detailed description about them will be simplified or omitted. Thus, differences to 
Embodiment 6 will be mainly described. 

[01 23] In Embodiment 7, in the oxidation step of oxidizing the porous polycrystalline silicon layer 4, the porous poly- 
crystalline silicon layer 4 is oxidized by exposing the layer 4 to plasma in a gas atmosphere containing at least one of 
oxygen and ozone (main oxidation step). Hereupon, the plasma may be produced, for example, using a high frequency 

20 of 1 3.56 MHz. When high frequency of 1 3.56 MHz is used, RF power may be set to, for example, several tens of W to 
several hundreds of W. Further, time for exposing the porous polycrystalline silicon layer 4 to plasma may be conven- 
iently set to a value in the range of several minutes to several hours. Hereupon, plasma may be produced by causing 
electric discharge in the above-mentioned gas atmosphere. Meanwhile, plasma may be produced in another gas at- 
mosphere (for example, inert gas). 

25 [0124] Thus, according to the manufacturing method of Embodiment 7, as same as the case of Embodiment 6, the 
electron emitting efficiency may be raised in comparison with the conventional case of forming the strong field drift 
layer by means of the RTO process. Further, as same as the case of Embodiment 6, the area of the field emission- 
type electron source 1C may be easily enlarged and further the manufacturing cost of the source may be easily lowered. 

30 (Embodiment B) 

[0125] Hereinafter, Embodiment 8 of the present invention will be described. However, because the fundamental 
construction and the manufacturing process of the field emission-type electron source according to Embodiment 8 are 
nearly as same as those of Embodiment 6 except that its oxidation step of the porous polycrystalline silicon layer 4 is 
35 different from that of Embodiment 6. Therefore, as to the constructive elements and the manufacturing step corre- 
sponding to those in Embodiment 6, detailed description about them will be simplified or omitted. Thus, differences to 
Embodiment 6 will be mainly described. 

[01 26] In Embodiment 8, in the oxidation step of oxidizing the porous polycrystalline silicon layer 4, the porous poly- 
crystalline silicon layer 4 is oxidized by heating the Iayer4 in a gas atmosphere containing at least ozone (main oxidation 

40 step). Hereupon, the temperature and time of the heating process may be conveniently set to a value in the range of 
100 to 600 °C and a value in the range of several minutes to several hours, respectively. Hereupon, the temperature 
of the heating process may be higher than 600 °C. However, it is preferable to set the temperature to a convenient 
value in the range of 100 to 600 °C in view of lowering restriction for materials of the electrically conductive substrate 
(for example, in order to use a substrate in which an electrically conductive film is provided on an glass plate whose 

45 price is more inexpensive than that of a quartz glass plate, as the electrically conductive substrate). 

[0127] Thus, according to the manufacturing method of Embodiment 8, as same as the case of Embodiment 6, the 
electron emitting efficiency may be raised in comparison with the conventional case of forming the strong field drift 
layer by means of the RTO process. Further, as same as the case of Embodiment 6, the area of the field emission- 
type electron source 10 maybe easily enlarged and further the manufacturing cost of the source may be easily lowered. 

so 

(Embodiment 9) 

[0128] Hereinafter, Embodiment 9 of the present invention will be described. However, because the fundamental 
construction and the manufacturing process of the field emission-type electron source according to Embodiment 9 are 
55 nearly as same as those of Embodiment 6 except that its oxidation step of the porous polycrystalline silicon layer 4 is 
different from that of Embodiment 6. Therefore, as to the constructive elements and the manufacturing step corre- 
sponding to those in Embodiment 6, detailed description about them will be simplified or omitted. Thus, differences to 
Embodiment 6 will be mainly described. 
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[0129] In Embodiment 9, in the oxidation step of oxidizing the porous polycrystalline silicon layer 4, the porous poly- 
crystalline silicon layer 4 is oxidized by applying ultraviolet rays to the layer 4 and heating the layer 4 (main oxidation 
step). Hereupon, the temperature and time of the heating process may be conveniently set to a value in the range of 
100 to 600 °C and a value in the range ol several minutes to several hours, respectively. Hereupon, although the 
5 temperature of the heating process may be higher than 600 6 C, it is preferable to set the temperature to a convenient 
value in the range of 100 to 600 °C due to the same reason as that of Embodiment 8. 

[0130] Thus, according to the manufacturing method of Embodiment 9, as same as the case of Embodiment 6, the 
electron emitting efficiency may be raised in comparison with the conventional case of forming the strong field drift 
layer by means of the RTO process. Further, as same as the case of Embodiment 6, the area of the field emission- 
10 type electron source 1 0 may be easily enlarged and further the manufacturing cost of the source may be easily lowered. 

(Embodiment 10) 

[0131] Hereinafter, Embodiment 10 of the present invention will be described. However, because the fundamental 
15 construction and the manufacturing process of the field emission-type electron source according to Embodiment 10 
are nearly as same as those of Embodiment 6 except that its oxidation step of the porous polycrystalline silicon layer 
4 is different from that of Embodiment 6. Therefore, as to the constructive elements and the manufacturing step cor- 
responding to those in Embodiment 6, detailed description about them will be simplified or omitted. Thus, differences 
to Embodiment 6 will be mainly described. 
20 [0132] In Embodiment 10, in the oxidation step of oxidizing the porous polycrystalline silicon layer 4, the porous 
polycrystalline silicon layer 4 is oxidized by applying ultraviolet rays to the layer 4 in a gas atmosphere containing at 
least one of oxygen and ozone and heating the layer 4 (main oxidation step). Hereupon, the temperature and time of 
the heating process may be conveniently set to a value in the range of 1 00 to 600 °C and a value in the range of several 
minutes to several hours, respectively. Hereupon, although the temperature of the heating process may be higher than 
25 600 °C, it is preferable to set the temperature to a convenient value in the range of 100 to 600 B C due to the same 
reason as that of Embodiment B. 

[01 33] Thus, according to the manufacturing method of Embodiment 1 0, as same as the case of Embodiment 6, the 
electron emitting efficiency may be raised in comparison with the conventional case of forming the strong field drift 
layer by means of the RTO process. Further, as same as the case of Embodiment 6, the area of the field emission- 
30 type electron source 1 0 may be easily enlarged and further the manufacturing cost of the source may be easily lowered. 

(Embodiment 11) 

[01 34] Hereinafter, Embodiment 1 1 of the present invention will be described. The fundamental construction and the 
35 manufacturing process of the field emission-type electron source according to Embodiment 11 are nearly as same as 
those of any one of Embodiments 6 to 10. However, the manufacturing method is characterized in that it includes a 
supplemental oxidation step of oxidizing the porous polycrystalline silicon layer 4 by means of the rapid heating process 
performed before and/or after the main oxidation step in any one of Embodiments 6 to 10. Hereupon, the supplemental 
oxidation step by the rapid heating process, in which for example a lamp annealing apparatus is used, is performed in 
40 a dry oxygen atmosphere by setting the temperature and time of the oxidation process to 600-900 °C and 30-120 
minutes, respectively. Thus, according to the manufacturing method of Embodiment 11 , the electron emitting efficiency 
may be much more raised, because insufficient oxidation in the oxidation process, which is caused in the conventional 
oxidation process, is supplemented. 

45 (Embodiment 12) 

[01 35] Hereinafter, Embodiment 1 2 of the present invention will be described. The fundamental construction and the 
manufacturing process of the field emission-type electron source according to Embodiment 12 are nearly as same as 
those of any one of Embodiments 6 to 11. However, the manufacturing method is characterized in that it includes 

so another supplemental oxidation step of oxidizing the porous polycrystalline silicon layer 4 using acid performed before 
and/or after the main oxidation step (or the supplemental oxidation step in Embodiment 11 ) in any one of Embodiments 
6 to 11. That is, in the manufacturing process according to Embodiment 12, the strong field drift layer 6 is formed, for 
example, by performing any one of the following treatments (1 )-(10) to the porous polycrystalline. silicon layer 4. In the 
following treatments, [A] denotes the supplemental oxidation step using acid, [M] denotes the main oxidation step, and 

55 [H] denotes the supplemental oxidation step by means of the rapid heating process. 

d)[A]->[M] 
(2) [MM [A] 
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(3) [H]->[M] 

(4) [M]->[H] 

(5) [A]->[M]-»[H] 

(6 ) [H]^[M]-*[A] 
5 (7 )[A]^[H]-*[M] 

(8) [H]->[A]^[M] 

(9) [M]->[A]-»[H] 

(10) [M]-*[H]->[A] 

10 [01 36] Hereupon, the supplemental oxidation step using acid may be performed using a processing tank (the process- 
ing tank for the anodic oxidation treatment in Embodiment 6 may be used for this purpose) containing acid (for example, 
HN0 3 , H 2 S0 4 , aqua regia or the like) by letting flow a predetermined current between the platinum electrode (not 
shown) and the n-type silicon substrate 1 (ohmic electrode 2) in such a manner the platinum electrode acts as the 
negative electrode and the substrate 1 acts as the positive electrode. 

is [0137] Hereupon, it may be considered that when the porous polycrystalline silicon layer 4 is oxidized using, for 
example, dilute nitric acid (for example, dilute nitric acid of 10%) before the main oxidation step, there occur such 
reactions as shown by the reaction formulas 1 and 2 described above (Embodiment 1 ). Meanwhile, it may be considered 
that when the porous polycrystalline silicon layer 4 is oxidized using dilute sulfuric acid (for example, dilute sulfuric acid 
of 10%) before the main oxidation step, there occur such reactions as shown by the reaction formulas 3 and 4 described 

20 above (Embodiment 2). 

[0138] Thus, according to the manufacturing method of Embodiment 12, insufficient oxidation in the oxidation proc- 
ess, which is caused in the conventional oxidation process, is supplemented so that the electron emitting efficiency 
may be much more raised. 

25 (Embodiment 13) 

[01 39] Hereinafter, Embodiment 1 3 of the present invention will be described. The fundamental construction and the 
manufacturing process of the field emission-type electron source according to Embodiment 13 are nearly as same as 
those of any one of Embodiments 6 to 10. However, the manufacturing method is characterized in that it includes a 

30 pre oxidation step of oxidizing the porous polycrystalline silicon layer 4 4 using a oxidant solution before the main 
oxidation step in any one of Embodiments 6 to 10. That is, the strong field drift layer 6 is formed by performing the 
main oxidation step after the very surface layer of the porous polycrystalline silicon layer 4 has been oxidized. 
[0140] In the manufacturing method according to each of Embodiments 6 to 10, because the mixture solution, in 
which hydrogen fluoride aqueous solution and ethanol are mixed together, is used as the electrolyte in the anodic 

35 oxidation treatment, silicon atoms are terminated by hydrogen atoms. Accordingly, the hydrogen content in the strong 
field drift layer 6 becomes comparatively higher so that the breakdown voltage is lowered or the distribution of the 
hydrogen atoms changes with the lapse of time. In consequence, it is feared that the stability of the electron emitting 
efficiency with time passing may deteriorated. 

[0141] On the contrary, in the manufacturing method according to Embodiment 1 3, the hydrogen atoms terminating 
40 the silicon atoms in the porous polycrystalline silicon layer 4, which has been formed by the anodic oxidation treatment, 
are substituted with oxygen atoms by the oxidant solution. Hereupon, as the oxidant solution, there may be used any 
one or a mixture of plural ones selected in a group of oxidants composed of nitric acid, sulfuric acid, hydrochloric acid 
and hydrogen peroxide aqueous solution. 

[0142] Thus, in the manufacturing method according to Embodiment 13, the main oxidation step is performed after 
45 the very surface layer of the porous polycrystalline silicon layer 4 formed by the anodic oxidation treatment has been 
oxidized using the oxidant solution, in consequence the hydrogen content in the strong field drift layer 6 can be lowered. 
Therefore, in the obtained field emission-type electron source, time-dependent change of the electron emitting effi- 
ciency may be smaller and the breakdown voltage may be higher. 

[0143] Meanwhile, in the manufacturing method according to each of Embodiments 11 and 12, a pre oxidation step 
50 of oxidizing the porous polycrystalline silicon layer 4 using an oxidant solution may be performed before the main 
oxidation step and the supplemental oxidation step(s). 

[0144] In the oxidation step using the oxidant solution, if the oxidant solution is heated, the rate of oxidation becomes 
larger so that the processing time may be shortened. (Example 4) 

[0145] Hereinafter, as Example 4, there will be described a field emission-type electron source 10 manufactured 
55 under the following conditions, by means of the manufacturing method according to Embodiment 1 3. 

[0146] In Example 4, as the n-type silicon substrate 1 , there was used a (100) type silicon substrate, in which the 
electrical resistivity was 0.1 £2cm and the thickness was 525 um The polycrystalline silicon layer 3 (see Fig. 7A) was 
formed by means of the LPCVD process. In the film forming process, the degree of vacuum was 20 Pa, the temperature 
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of the substrate was 640 °C, and the flow rale of the monosilane gas was 600 seem. 

[0147] In the anodic oxidation treatment, there was used an electrolyte in which hydrogen fluoride aqueous solution 
of 55 wt% and ethanol were mixed together in the ratio of nearly 1 :1 . In the anodic oxidation treatment, the surface of 
the polycrystalline silicon layer 3 was made contact with the electrolyte. Further, a predetermined current was let flow 
5 between the platinum electrode immersed in the electrolyte and the n-type silicon substrate t (ohhmic electrode 2) in 
such a manner that the platinum electrode became a negative electrode and the substrate 1 became a positive elec- 
trode. Hereupon, the current density was the constant value of 30 mA/cm 2 , and the lime of the anodic oxidation process 
was 10 seconds. 

[0148] In the pre oxidation step, as the oxidant solution, there was used a mixture solution in which sulfuric acid and 
10 hydrogen peroxide aqueous solution are mixed together. Then, a sample, in which a porous polycrystalline silicon layer 
4 was formed, was immersed in the oxidant solution for 30 minutes. 

[0149] After the pre oxidation step, a supplemental oxidation step was performed. In the supplemental oxidation 
step, the sample was eiectrochemically oxidized in a sulfuric acid solution of 1 molar weight percent, by letting flow a 
constant current of 20 mA/cm 2 between the platinum electrode and the n-type silicon substrate 1 (ohmic electrode 2) 

is in such a manner that the platinum electrode became the negative electrode and the substrate 1 became the positive 
electrode. Further, the sample was washed using water, and then dried up. Then, the main oxidation step was per- 
formed. In the main oxidation step, ultraviolet rays, whose main wavelengths are 185 nm and 254 nm, were applied 
to the main surface of the sample (substrate) in a gas atmosphere containing oxygen and ozone white heating the 
sample up to 500 °C. Time of the main oxidation process was 1 hour. 

20 [0150] The electrically conductive thin film 7 was formed by patterning a thin gold film using a photo lithography 
technique, an etching technique or the like, the gold film being deposited on the whole surface of the strong field drift 
layer 6 by means of the vapor deposition process. Hereupon, the thickness of the electrically conductive thin film 7 
waslOnm. 

[01 51] The field emission-type electron source 1 0, which had been manufactured as described above, was introduced 
2S into a vacuum chamber (not shown), and then a collector electrode 21 (electrode for collecting emitted electrons) was 
disposed at a position facing the electrically conductive thin film 7 as shown in Fig. 8. Then, the degree of vacuum in 
the vacuum chamber was set to 5X1 0* 5 Pa, and then DC voltage Vc of 100 V was applied between the collector 
electrode 21 and the electrically conductive thin film 7: Further there were measured diode current Ips flowing between 
the electrically conductive thin film 7 and the ohmic electrode 2, and emitted electron current le flowing the collector 
30 electrode 21 and the electrically conductive thin film 7 due to electrons e- emitted outward from the field emission-type 
electron source 10 through the electrically conductive thin film 7, while variously changing DC voltage Vps applied 
between the electrically conductive thin film 7 (anode) and the ohmic electrode 2 (cathode). In consequence, there 
was obtained such a good result that the emitted electron current le was 10 uA/cm 2 . 

35 (Embodiment 1 4) 

[0152] Hereinafter, Embodiment 1 4 of the present invention will be described. Fig. 11 shows an example of a display 
using a field emission -type electron source 10 having a construction nearly as same as that of Embodiment 6. However, 
in the field emission-type electron source 10 of Embodiment 14, which is a little different from the field emission-type 

40 electron source 10 of Embodiment 6, each of the electrically conductive thin films 7 is formed in a striped shape. 

[0153] As shown in Fig. 11 , the display Pi is provided with a glass substrate 33 which is disposed so as to face the 
electrically conductive thin films 7 of the field emission-type electron source 10. Thus, on the surface ol the glass 
substrate 33, which laces the field emission-type electron source 10, collector electrodes 31 of striped shape are 
formed. Further, the display P1 is provided with a fluorescent layer 32 which emits visible light due to the electron 

45 beams emitted from the electrically conductive thin films 7, the layer 32 being formed so as to cover the collector 
electrodes 31 . Hereupon, a space formed between the field emission-type electron source 10 and the glass substrate 
33 is in a state of vacuum. 

[0154] In the display P1 , each of the electrically conductive thin films 7 is formed in the striped shape, and further 
each of the collector electrodes 31 is also formed in the striped shape in such a manner that it extends in a direction 

so perpendicular to each of the electrically conductive thin films 7. Accordingly, when voltage (electrical field) is applied 
to one of the collector electrodes 31 and one of the electrically conductive thin films 7, the electrode 31 and the film 7 
being conveniently selected respectively, electrons are emitted only from the electrically conductive thin film 7 to which 
voltage is applied. Hereupon, only electrons emitted from the region, which exists in the electrically conductive thin 
film 7 from which the electrons are emitted, corresponding to the collector electrode 31, to which voltage is applied, 

55 are accelerated so that the electrons make the fluorescent layer 32 covering the collector electrode 31 emit light. 

[0155] That is, in the display P1 shown in Fig. 11, a portion in the fluorescent layer 32, which corresponds to the 
region where the electrically conductive thin film 7 and the collector electrode 31, to each of which voltage is applied, 
cross together, can be made emit light, by applying voltage to a specific electrically conductive thin film 7 and a specific 
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collector electrode 31 . Thus, images or letters can be displayed on the screen of the display P1 by conveniently chang- 
ing the electrically conductive thin film. 7 and the collector electrode 31 , to each of which voltage is applied. 
[0156] The manufacturing method of the field emission-type electron source 10 in Embodiment 1 4 is nearly as same 
as that in Embodiment 6. However, the manufacturing method is characterized in that after the electrically conductive 

5 thin films 7 patterned in the predetermined shape (striped shape in Embodiment 14) have been formed, there is (are) 
performed at least one of a treatment which applies ultraviolet rays to the layer in a gas atmosphere containing at least 
one ol oxygen and ozone as described in Embodiment 6, a treatment which exposes the layer to plasma in a gas 
atmosphere containing at least one of oxygen and ozone as described in Embodiment 7, a treatment which heats the 
layer in a gas atmosphere containing ozone as described in Embodiment B, a treatment which applies ultraviolet rays 

10 to the layer and heats the layer as described in Embodiment 9, and a treatment which applies ultraviolet rays to the 
layer in a gas atmosphere containing at least one of oxygen and ozone and heats the layer as described in Embodiment 
10. Thus, according to the manufacturing method, by performing the treatments described above, contamination due 
to organic materials produced in the processes before the treatments may be removed, as well as the porous poly- 
crystalline silicon layer is oxidized so that the electron emitting efficiency may be raised. 

is [0157] Hereupon, the electrically conductive thin films 7 of striped shape may be formed, for example, according to 
the following process. That is, after an electrically conductive thin film 7 has been formed on the whole surface of the 
strong field drift layer 6, a photo resist layer is applied and formed on the electrically conductive thin film 7. Then, the 
photo resist layer is patterned by means of the photo lithography technique. Next, the electrically conductive thin film 
7 is etched using the photo resist layer as a mask, and then the photo resist layer is removed. 

20 [0158] Hereupon, the electrically conductive thin films 7 or striped shape may be directly formed on the strong field 
drift layer 6 by means of the vapor deposition process or the like using a metal mask having an aperture pattern of the 
striped shape. 

[0159] In Fig. 12, there is shown an example of a display using a field emission-type electron source 10' which is 
provided with a substrate in which an electrically conductive film 12 is formed on a glass plate 11 as shown in Fig. 6B. 

25 [0160] As shown in Fig. 12, in the display P2, an anode electrode 42 is disposed above the field emission-type 
electron source 10' while forming a space 41 therebetween, and further a fluorescent glass substrate 43 is disposed 
on the surface of the anode electrode 42 so as to contact with the electrode closely. Further, the space 41 is enclosed 
by a shutter glass 44. Hereupon, the space 41 is nearly in the state of vacuum. Moreover, spacers 45 are provided at 
some desired positions between the field emission-type electron source 10' and the anode electrodes 42. The field 

30 emission-type electron source 10' is provided with a plurality of electrically conductive thin films 7. Further, in the 
position facing each of the electrically conductive thin films 7, a fluorescent member 46 is provided on the lower surface 
of the anode electrode 42. 

[0161] Thus, when a predetermined voltage is applied between specific (desired) ones in a plurality of electrically 
conductive thin films 7 and the anode electrodes 42 facing the specific films 7, electrons e- emitted from the specific 
35 electrically conductive thin film 7 proceed in the direction shown by the arrow X, and then collide to the fluorescent 
members 46 facing the specific electrically conductive thin films 7. In consequence, the fluorescent members 46 emit 
light as shown by the broken line L. 

[0162] In the display P2, by applying voltage to specific electrically conductive thin films 7, and specific anode elec- 
trodes 42 and electrically conductive film 12, the specific ones in a plurality of fluorescent members 46, which face the 
40 specific electrically conductive thin films 7 to which voltage is applied, can be made emit light. Accordingly, images or 
letters can be displayed on the screen of the display P2 by conveniently changing the electrically conductive thin film 
7 and the electrically conductive film 12, to each of which voltage is applied. (Example 5) 

[0163] Hereinafter, as Example 5, there will be described a field emission-type electron source 10 (see Fig. 1 i) man- 
ufactured under the following conditions, by means of the manufacturing method according to Embodiment 14. 
45 [0164] In Example 5, as the n-type silicon substrate 1 , there was used a (100) type silicon substrate, in which the 
electrical resistivity was 0.1 Qcm and the thickness was 525 um. The polycrystalline silicon layer 3 (see Fig. 7A) was 
formed by means of the LPCVD process. In the film forming process, the degree of vacuum was 20 Pa, the temperature 
of the substrate was 640 °C, and the flow rate of the monosilane gas was 600 seem. 

[0165] In the anodic oxidation treatment, there was used an electrolyte in which hydrogen fluoride aqueous solution 
50 of 55 wt% and ethanol were mixed together in the ratio of nearly 1:1. In the anodic oxidation treatment, the surface of 
the polycrystalline silicon layer 3 was made contact with the electrolyte. Further, a predetermined current was let flow 
between the platinum electrode immersed in the electrolyte and the n-type silicon substrate 1 (ohhmic electrode 2) in 
such a manner that the platinum electrode became a negative electrode and the substrate 1 became a positive elec- 
trode. Hereupon, the current density in the anodic oxidation process was the constant value of 30 mA/cm 2 , and the 
55 time of anodic oxidation process was 10 seconds. 

[0166] In the rapid heating process for oxidizing the porous polycrystalline silicon layer 4, the flow rate of the oxygen 
gas was 300 seem, the oxidizing temperature was 900 °C, and the oxidizing time was 1 hour. The electrically conductive 
thin film 7 was formed by patterning a thin gold film using a photo lithography technique, an etching technique or the 
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like, the gold film being deposited on the upper surface of the strong field drift layer 6 by means of the vapor deposition 
process. Hereupon, the thickness of the electrically conductive thin film 7 was 10 nm. 

[0167] After the electrically conductive thin film 7 had been formed, there was performed an oxidation treatment 
(hereinafter, it is referred to "after treatment") which applied ultraviolet rays to the layer in a mixed gas atmosphere 

5 (2000 ppm) containing oxygen (0 2 ) and ozone (0 3 ). A low-pressure mercury lamp of 110 W was used as a source of 
ultraviolet rays. The temperature and time of the heating process were 200 °C and 30 minutes, respectively. 
[0168] Further, there was manufactured a field emission-type electron source to which the after treatment had not 
been performed, as the comparative example 1 (example for comparison). Moreover, as the comparative example 2, 
there was also manufactured a field emission-type electron source 5 in which the electrically conductive thin film 7 had 

10 been formed using a metal mask and to which the after treatment had not been performed. The difference between 
Example 5 and the comparative example 1 was only whether the after treatment was performed or not. The difference 
between Example 5 and the comparative example 2 was as follows. Namely, in Embodiment 3, the electrically con- 
ductive thin film 7 was patterned by means of the photo lithography technique or the like, and then the alter treatment 
was performed. On the other hand, in the comparative example 2, the electrically conductive thin film 7 was patterned 

is during the film-forming step using the metal mask, and then the after treatment was not performed. 

[0169] Each of the field emission-type electron sources 10, which had been manufactured as described above, was 
introduced into a vacuum chamber (not shown), and then a collector electrode 21 (electrode for collecting emitted 
electrons) was disposed at a position facing the electrically conductive thin film 7 as shown in Fig. 8. Thus, the degree 
of vacuum in the vacuum chamber was set to 5 X 10" 5 Pa, and then DC voltage Vc of 100 V was applied between the 

20 collector electrode 21 and the electrically conductive thin film 7. Further, there were measured diode current Ips flowing 
between the electrically conductive thin film 7 and the ohmic electrode 2, and emitted electron current I e flowing between 
the collector electrode 21 and the electrically conductive thin film 7 due to electrons e* emitted outward from the field 
emission-type electron source 10 through the electrically conductive thin film 7, while variously changing DC voltage 
Vps applied between the electrically conductive thin film 7 (anode) and the ohmic electrode 2 (cathode). The result of 

25 the measurement are shown in Fig. 1 3. 

[0170] In Fig. 13, the horizontal axis shows the DC voltage Vps. The left vertical axis shows the current density of 
the diode current Ips or the emitted electron current le. The right vertical axis shows the electron emitting efficiency 
(le/lps x 100). Further, the graphs in Fig. 1 3 show the following physical properties, respectively. 

30 Continuous line©(B): Ips in Example 5 

. Dashed line©(l): le in Example 5 

Broken line©P): Eft in Example 5 

Continuous line@(D): Ips in the comparative ex. 1 

Dashed line©(d): le in the comparative ex. 1 
35 Broken line©(TJ): Eff in the comparative ex. 1 

Continuous line@(0); Ips in the comparative ex. 2 

Dashed line®(0): le in the comparative ex. 2 

Broken line®(0): Eff in the comparative ex. 2 



40 |ps: diode current 

le : emitted electron current 
Eff: electron emitting efficiency 



[0171] In Fig. 13, when the comparative example 1 is compared with the comparative example 2, the current density 
45 of the emitted electron current le of the comparative example 1 is smaller than that of the comparative example 2 (see 
graphs©,®), although the current densities of the diode currents Ips of the both are nearly same (see graphs®,©). 
Accordingly, the electron emitting efficiency of the comparative example 1 is smaller than that of the comparative 
example 2 (see graphs©, @). The reason may be considered as follows. Namely, in the comparative example 1, 
there may remain contamination of organic materials due to the remaining resist of the photo resist layer used for 
so patterning the electrically conductive thin film 7. On the other hand, in the comparative example 2, such contamination 
of organic materials may less remain, because the metal mask is used for pattering the electrically conductive thin film 7. 
[0172] Next, when Example 5 is compared with the comparative example 1 , the current density of the diode current 
Ips of Example 5 is smaller than that of the comparative example 1 (see graphs©, (D), although the current density 
of the emitted electron current le of Embodiment 3 is larger than that of the comparative example 1 (see graphs®, 
55 ©). Accordingly, the electron emitting efficiency of Example 5 is higher than that of the comparative example 1 (see 
graphs©,©). For example, when the DC voltage Vps is 20 V, the current density of the emitted electron current le 
of Example 5 is as 30 times as that of the comparative example 1, the current density of the diode current Ips of 
Example 5 being as one fourth (1/4) as that of the comparative example 1, and the electron emitting efficiency of 
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Example 5 being as 1 20 times as that of the comparative example 1 . Namely, the electron emitting efficiency of Example 
5 is much larger thari that of the comparative example 1 . 

[0173] Further, when Example 5 is compared with the comparative example 2 : the current density of the emitted 
electron current le of Example 5 is larger than that of the comparative example 2, in consequence the electron emitting 

s efficiency of Example 5 is higher than that of the comparative example 2. Hereupon, the reason why the current density 
of the emitted electron current ie of Example 5 is larger than that of the comparative example 2, may be considered 
as follows. Namely, in Example 5, there may be obtained such an effect that the surface of the field emission-type 
electron source 10 is purified by the after treatment, and/or an effect that the quality of the silicon oxide film 64 (see 
Fig. 10A) in the surface of the fine crystal silicon layer 63 which constructs the strong field drift layer 6, is improved 

10 (the ratb of the surface covered with oxygen atoms is increased). 

[0174] Although the present invention has been described in relation to particular embodiments thereof, many other 
variations and modifications will become apparent to those skilled in the art. It is preferred, therefore, that the present 
invention be limited not by the specific disclosure herein, but only by the appended claims. 

is 

Claims 

1. A field emission-type electron source comprising an electrically conductive substrate, a strong field drift layer 
formed on a surface of the electrically conductive substrate and an electrically conductive thin film formed on the 

20 strong field drift layer, wherein electrons, which are injected into the electrically conductive substrate, drift in the 

strong field drift layer to be emitted outward through the electrically conductive thin film by applying voltage between 
the electrically conductive thin film and the electrically conductive substrate in such a manner that the electrically 
conductive thin film acts as a positive electrode against the electrically conductive substrate, wherein 

the strong field drift layer is formed by a process including an oxidation step of oxidizing a porous semicon- 

25 ductor layer at relatively lower temperature. 

2. The field emission-type electron source according to claim 1, wherein the strong field drift layer is oxidized in a 
liquid phase in the oxidation step. 

30 3. The field emission-type electron source according to claim 2 : wherein the porous semiconductor layer is formed 
by performing an anodic oxidation to a semiconductor layer 

4. A method of manufacturing a field emission-type electron source including an electrically conductive substrate, a 
strong field drift layer formed on a surface of the electrically conductive substrate and an electrically conductive 

35 thin film lormed on the strong field drift layer, wherein electrons, which are injected into the electrically conductive 

substrate, drift in the strong field drift layer to be emitted outward through the electrically conductive thin film by 
applying voltage between the electrically conductive thin film and the electrically conductive substrate in such a 
manner that the electrically conductive thin film acts as a positive electrode against the electrically conductive 
substrate, the method comprising a main oxidation step of forming a strong field drift layer by oxidizing a porous 

40 semiconductor layer at relatively lower temperature. 

5. The method of manufacturing the field emission-type electron source according to claim 4, wherein the porous 
semiconductor layer is oxidized in a liquid phase in the main oxidation step. 

45 6. The method of manufacturing the field emission-type electron source according to claim 5, wherein the liquid phase 
is an acid solution. 

7. The method of manufacturing the field emission-type electron source according to claim 4 or 5, wherein the porous 
semiconductor layer is oxidized in an electrolyte solution by means of an electrochemical reaction in the main 

so oxidation step. 

8. The method of manufacturing the field emission-type electron source according to claim 7, wherein the electrolyte 
solution is an acid solution. 

S5 9. The method of manufacturing the field emission-type electron source according to claim 4, further comprising a 
supplemental oxidation step by means of a 

heating process, the supplemental oxidation step being performed before and/or after the main oxidation 

step. 



22 



EP 1 003 195 A2 



10. The method of manufacturing the field emission-type electron source according to claim 5, further comprising a 
supplemental oxidation step by means of a 

heating process, the supplemental oxidation step being performed before and/or after the main oxidation 

step. 

5 

11. The method of manufacturing the field emission-type electron source according to claim 6, further comprising a 
supplemental oxidation step by means of a 

heating process, the supplemental oxidation step being performed before and/or after the main oxidation 

step. 

10 

12. The method of manufacturing the field emission-type electron source according to claim 7, further comprising a 
supplemental oxidation step by means of a 

heating process, the supplemental oxidation step being performed before and/or after the main oxidation 

step. 

15 

13. The method of manufacturing the field emission-type electron source according to claim 8, further comprising a 
supplemental oxidation step by means of a 

heating process, the supplemental oxidation step being performed before and/or after the main oxidation 

step. 

20 

14. The method of manufacturing the field emission-type electron source according to claim 4, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidatbn step 
being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 
step. 

25 

15. The method of manufacturing the field emission-type electron source according to claim 5, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 
step. 

30 

16. The method of manufacturing the field emission-type electron source according to claim 6, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidatbn step 
being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 
step. 

35 

17. The method of manufacturing the field emission-type electron source according to claim 7, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 
step. 

40 

18. The method of manufacturing the field emission-type electron source according to claim 8, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 
step. 

45 

19. The method of manufacturing the field emission-type electron source according to claim 9, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 
step. 

50 

20. The method of manufacturing the field emission-type electron source according to claim 10, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 
step. 

55 

21. The method of manufacturing the field emission-type electron source according to claim 11. further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 
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step. 

22. The method of manufacturing the field emission -type electron source according to claim 12, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 

5 being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 

step. 

23. The method of manufacturing the field emission-type electron source according to claim 13, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 

10 being performed before the main oxidation step or before the main oxidation step and the supplemental oxidation 

step. 

24. The method of manufacturing the field emission-type electron source according to claim 4, wherein in the main 
oxidation step, the porous semiconductor layer is oxidized by means of at least one of a treatment which applies 

*5 ultraviolet rays to the porous semiconductor layer in a gas atmosphere containing at least one of oxygen and 

ozone, a treatment which exposes the porous semiconductor layer to plasma in a gas atmosphere containing at 
least one of oxygen and ozone, a treatment which heats the porous semiconductor layer in a gas atmosphere 
containing ozone, a treatment which applies ultraviolet rays to the porous semiconductor layer and heats the 
porous semiconductor layer, and a treatment which applies ultraviolet rays to the porous semiconductor layer in 

20 a gas atmosphere containing at least one of oxygen and ozone and heats the porous semiconductor layer 

25. The method of manufacturing the field emission-type electron source according to claim 24, wherein the main 
oxidation step is performed after the electrically conductive thin film has been formed. 

25 26. The method of manufacturing the field emission-type electron source according to claim 24, further comprising a 
supplemental oxidation step of oxidizing the porous semiconductor layer by means of a heating process, the sup- 
plemental oxidation step being performed before and/or after the main oxidation step. 

27. The method of manufacturing the field emission-type electron source according to claim 25, further comprising a 
30 supplemental oxidation step of oxidizing the porous semiconductor layer by means of a heating process, the sup- 
plemental oxidation step being performed before and/or after the main oxidation step. 

28. The method of manufacturing the field emission-type electron source according to claim 24, further comprising a 
further supplemental oxidation step of oxidizing the porous semiconductor layer using an acid solution, the further 

35 supplemental oxidation step being performed before and/or after the main oxidation step. 

29. The method of manufacturing the field emission-type electron source according to claim 25, further comprising a 
further supplemental oxidation step of oxidizing the porous semiconductor layer using an acid solution, the further 
supplemental oxidation step being performed before and/or after the main oxidation step. 

40 

30. The method of manufacturing the field emission-type electron source according to claim 24, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
being performed before the main oxidation step. 

45 31. The method of manufacturing the field emission-type electron source according to claim 25, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
being performed before the main oxidation step. 

32. The method of manufacturing the field emission-type electron source according to claim 26, further comprising a 
so pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 

being performed before the main oxidation step and the supplemental oxidation step. 

33. The method of manufacturing the field emission-type electron source according to claim 27, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 

55 being performed before the main oxidation step and the supplemental oxidation step. 

34. The method of manufacturing the field emission-type electron source according to claim 28, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 
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being performed before the main oxidation step and the supplemental oxidation steps. 

35. The method of manufacturing the field emission-type electron source according to claim 29, further comprising a 
pre oxidation step of oxidizing the porous semiconductor layer using an oxidant solution, the pre oxidation step 

5 being performed before the main oxidation step and the supplemental oxidation steps. 

36. The method of manufacturing the field emission-type electron source according to any one of claims 4 to 35, 
wherein the porous semiconductor layer is a porous monocrystalline silicon layer or a porous polycrystalline silicon 
layer. 

10 

37. The method of manufacturing the field emission-type electron source according to any one of claims 4 to 35, 
wherein the electrically conductive substrate is an n-type silicon substrate. 

38. The method of manufacturing the field emission-type electron source according to any one of claims 4 to 35, 
15 wherein the electrically conductive substrate is a substrate in which an electrically conductive film is formed on a 

surface of an insulating plate. 

39. The method of manufacturing the field emission-type electron source according to claim 38, wherein the insulating 
plate is composed of glass or ceramic. 

20 

40. The method of manufacturing the field emission -type electron source according to any one of claims 4 to 35, further 
comprising a step of forming the porous semiconductor layer by performing an anodic oxidation to a semiconductor 
layer. 

25 41. The method of manufacturing the field emission-type electron source according to claim 6, B, 11, 1 3, 16, 18, 21, 
23, 28, 29, 34 or 35, wherein the acid solution is dilute nitric acid, dilute sulfuric acid or aqua regia. 

42. The method o1 manufacturing the field emission-type electron source according to any one of claims 1 4 to 23 and 
30 to 35, wherein the oxidant solution is any one of or a mixture of plural ones of concentrated nitric acid, concen- 

30 trated sulfuric acid, hydrochloric acid and hydrogen peroxide. 

43. The method of manufacturing the field emission-type electron source according to claim 42, wherein the oxidant 
solution is used in a heated state. 

35 44. A display lor displaying an image on a screen thereof, including: 

a field emission-type electron source according to any one of claims 1 to 3; 

a collector electrode disposed so as to face the field emission-type electron source; 

a fluorescent member disposed on a surface of the collector electrode, the surface facing the field emission- 
40 type electron source; and 

a member for applying voltage between the collector electrode and an electrically conductive thin film of the 
field emission-type electron source; wherein 

when voltage is applied between the collector electrode and the electrically conductive thin film, the image is 
displayed on the screen by colliding electrons emitted from the field emission-type electron source to the 
45 fluorescent member so as to make the fluorescent member emit light. 
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Fig . tA 
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Fig. 2 A 
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Fig. 4 




63 64 



Fig . 5 



\ / / / / / / / 



±Z=h 



i mini mi 

i i i i i i i i i i i z-7 




29 



EP 1 003 195 A2 



Fig. 6 A 
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Fig. 7 A 
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Fig . 14 

0 



10 



10 



-2 



r 

|io- 



10 



-II 



F/g . 15 























< 


I 










• 


; 










• 












I 














k 




m Ins 






• 




1 

A^L- 










































L 






i 























-30 -20 -10 0 10 20 30 

Vps [V] 



10 



10 * 

Eio' 4 
< -e 

Sto- 
"lo" 10 



10 



-12 













1 






















> 








« 

• 


• 










• 












• 






i 




• Ins 






m — 

• 














9 


A— 




























i A 

k ▲ A 































-30 -20 -10 0 10 20 30 

Vps [V] 



37 



